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ABSTRACT
Femtosecond laser materials processing is a powerful method for the integration of high
resolution, 3D structures into Lab-On-Chip (LOC) systems. One major application of
femtosecond laser materials processing is waveguide fabrication in glass via index modification.
We demonstrate the ability to fabricate couplers and Mach-Zehnder Interferometers (MZI) with
good repeatability and flexibility. An in-depth characterization of the spectral characteristics of
symmetric directional couplers and MZI is presented. The spectral data from a series of
unbalanced MZI is used to characterize changes in the waveguide propagation constant. Towards
integrated sensing, we demonstrate the application of femtosecond laser waveguide fabrication to
the integration of a MZI into a homemade and commercial LOC for label-free optical detection.
The MZI has a unique tilted 3D geometry with one arm crossing a microfluidic channel and
enables spatially resolved sensing of changes in the refractive index of the content inside the
channel with a limit of detection as low as 1x10 4 RIU. Another major technique in femtosecond
laser materials processing is femtosecond two-photon polymerization (TPP). TPP is used to
integrate 3D porous filters into a commercial LOC and testing of the filter shows virtually 100%
efficient separation of 3 tm polystyrene spheres from a liquid solution. The direct write and
maskless nature of femtosecond materials processing makes it a powerful method to integrate 3D
devices into LOC without altering existing elements or changing the microfluidic channel
fabrication.
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Chapter 1
Introduction to femtosecond laser materials processing
1.1 Femtosecond laser waveguide fabrication
Microfabrication technology today has seen rapid advances because of its usage in emerging
technologies such as photonic crystals, sensors and biochips. Innovative products ranging from
high-density integrated circuits, high-definition displays, information storage devices to
microfliudic biochips all demand novel fabrication technologies which enable reduction of
device dimensions. To this end, higher densities of integration, less power consumption, better
performance, and lower fabrication cost are necessary requisites for improved fabrication
techniques. Among various microfabrication technologies, femtosecond laser processing offers a
unique process for the realization of three-dimensional (3D) microstructures in a variety of
materials [1-12]. Femtosecond laser materials processing includes three major techniques:
waveguide fabrication, ablation, and two-photon-polymerization. These techniques offer many
advantages over conventional microfabrication used in the semiconductor industry, which
generally require multi-step processing and are can be very expensive. Femtosecond laser
materials processing has the unique characteristics of enabling (1) direct fabrication without use
of masks or masters, (2) high resolution fabrication down to the sub-micron scale, (3) realization
of true 3D structures without creating collateral effects, and (4) application to many materials
including glass, polymers, ceramics, metals and hybrid materials.
1.1.1 Introduction to femtosecond laser waveguide fabrication
The use of femtosecond lasers for photonic waveguide fabrication in glass has become an active
area of research in recent years. Using light from a tightly focused femtosecond laser beam, a
modified index region results from energy deposition through nonlinear absorption, as illustrated
in Figure 1.
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Fig. 1 A tightly focused femtosecond laser beam creates a region of modified index. Energy is
deposited through simultaneous absorption of multiple photons.
The first demonstration for modifying the refractive index in glass using femtosecond laser
irradiation was reported in 1996 [5]. By focusing 810 nm laser light through a microscope
objective, the authors successfully inscribed transparent, but visible, round-elliptical damage
lines inside high silica, borate, soda-lime silicate, and fluorozirconate glasses. Since then, various
photonic devices have been fabricated using femtosecond waveguide fabrication and it has
become a powerful and versatile technique. In contrast to conventional semiconductor based
fabrication processes, the femtosecond writing process utilizes a single step fabrication, enabling
rapid prototyping of a variety of waveguide devices including 3D structures. The capability of
writing 3D structures has the potential for enabling high-density integrated photonic circuits,
providing enhanced functionality not possible in planar geometries.
A variety of devices, such as couplers, interferometers, gratings, 3D structures, active
waveguides and void structures have been successfully demonstrated in glass [6-12]. Since
material modification is mediated by nonlinear effects, there is strong dependence of waveguide
properties such as index of refraction, mode size, and loss on writing parameters such as power
and speed. It has been suggested that index modification is a result of local defects or
densification of the glass [7, 13-15], however the mechanism of index modification is nonlinear
with respect to exposure power and remains a topic of research
In femtosecond waveguide fabrication, an important factor which determines waveguide
formation and waveguide characteristics is the laser repetition rate [16-18]. In the low repetition
rate regime, waveguide cross-sections tend to be asymmetric and have complex refractive index
profiles [17]. In contrast, Eaton et al. demonstrated that high repetition rate femtosecond lasers
produce heat accumulation effects which are desirable for rapid prototyping of low-loss optical
waveguides [18]. Waveguides produced in this regime had lower loss (as little as 0.2dB/cm in
Schott AF45 glass) and more symmetric cross-section profiles than with lower-repetition laser
systems. Cumulative heating enables fabrication to be performed at speeds on the order of 10
mm/s, three orders of magnitude higher than the fabrication speeds of lower repetition rate laser
systems.
In that study, a smooth transition can be observed from diffusion-only writing to strong heat
accumulation, with heat accumulation leading to significant changes in waveguide morphology.
Waveguide diameters increase with exposure conditions in accordance to a thermal diffusion
model. Using variable repetition rates and bursts of laser pulses, it was shown that waveguide
diameter grows with increasing burst number at all repetition rates, while cumulative heating has
an onset threshold of 1.5 MHz for a Ti:sapphire system. Figure 2 [18] shows refractive near-field
profilometer (RNP) index profiles of waveguides written at 25 mm/s and 200 mW with NA of
0.55.
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Fig. 2 [18] Near-field refractive profiles of waveguides written at repetition rates 0.2 to 2 MHz
using a Ti: Sapphire laser at 200 mW, 0.55 NA exposure and 25 mm/s scanning speed.
1.1.2 Femtosecond waveguide fabrication of photonic devices
Alongside study of waveguide properties, a variety of passive and active photonic devices have
been realized using femtosecond laser waveguide writing [5-11]. Low-loss straight waveguides
with index contrast as high as 102 and 0.2 dB/cm propagation losses are being further optimized
[8,19]. Photonic devices such as splitters and coupled mode devices are the building blocks of
the more complex devices which are of interest in many applications, especially in
telecommunications and sensing. X-couplers with 1-1 and 16-1 power splitting ratios were
fabricated by our group at MIT using a novel MPC Ti:sapphire oscillator [6]. [1x2] optical
splitters with around 6.55 dB insertion loss which can be cascaded into [lxn] splitters have been
demonstrated by other groups [11]. A multi-scan technique in which part of the splitter is written
a second time was developed to reduce insertion loss and polarization dependent loss of the Y
junctions [11]. Cubic lattices of straight waveguides have been shown to demonstrate discrete
diffraction behavior through evanescent coupling [20]. Excitation of a single input waveguide
results in splitting of power at the end surface, effectively producing a [1xn] splitter.
Since femtosecond waveguide writing enables direct write of structures at different depths within
a single substrate without causing collateral damage, it is capable of producing truly three-
dimensional structures. A single substrate can contain layered, independent devices such as [1 xn]
splitters [21]. Furthermore, splitters, couplers, and other photonic devices are not limited to two
dimensional geometries. Using fabrication in three dimensions (3D), a [1x3] splitter can be
realized [17]. It is possible to fabricate devices in novel 3D geometries such as a [1x4] coupler
created by cascading two [1x2] x-couplers [17]. An example of a more complex three-
dimensional device is the symmetric [3x3] directional coupler, fabricated earlier by our group at
MIT [22]. The [3x3] coupler has a triangular geometry and shows coupling ratios at three
different separations which are periodic, in agreement with theory. By utilizing the third
R=1 MHz
dimension, it is possible to fabricate devices with novel geometries. This new class of devices
promises increased functionality and greater compactness enabled by higher device densities. In
more recent studies, research groups are exploring the capability to write coupler and splitter
devices in a single shot using diffracted beams from a hologram, or with simultaneous scanning
using spatial light modulators [23-25]. Figure 3 [24] shows an example of a single scan writing
method for fabrication of various geometries of [1xn] splitters. The fabrication is performed
with a single scan of a laser reflected off of a spatial light modulator which is a computer
generated hologram that generates multiple light foci using phase modulation. Splitters are
written as branched structures by changing the transverse separation between two beam spots.
Fabrication of photonic structures using single scan or single shot methods reduces fabrication
time and eliminates relative errors from multiple scan writing.
(a) (C)
Fig. 3 [24] (a) An example of a computer generated hologram for spatial light modulation. (b)-(d)
Output intensities of [1x3], [lx4] and [1x6] splitters with variable geometry written by single scan
of a laser.
The realization of splitters and coupled mode devices enabled recent advances in the
femtosecond laser fabrication of interferometric devices. In particular, Mach-Zehnder
Interferometers (MZI) have applications in sensing changes in external parameters in one arm
and are also used in telecommunication networks to separate and combine signals. The ability to
fabricate such devices with good repeatability requires being able to control the path length
difference between the two arms with a high level of precision. It is also important to understand
how to tune MZI devices to achieve the desired wavelength response. Earlier MZI devices were
made by cascading two X-couplers [6]. Later, MZI with high extinction ratio and electrooptic
properties were demonstrated [26]. Recently, it has been shown that devices such as
interferometers can be tuned after initial fabrication to achieve desirable characteristics, a
process called "trimming" [27]. "Trimming" is the tuning of existing device characteristics
through additional laser exposure. When the index of refraction can be modified cumulatively,
additional laser exposure creates longer optical paths by making additional changes to the index,
thereby changing the MZI's spectral transmission.
1.1.3 Applications of femtosecond waveguide fabrication
Femtosecond laser fabricated waveguide devices can be used in various telecommunications and
sensing applications. Couplers and splitters are important building blocks of telecommunications
systems, and MZI can be used for wavelength multiplexing. For example, both straight
waveguides and interferometers can be used as sensing devices. In the area of sensing, an optical
vibrational sensor has been fabricated using femtosecond lasers [28]. The sensor consists of a
straight waveguide written across three pieces of glass, with the central piece mounted on a
suspended beam. Measurements show the sensor has a linear response to external vibrations in
the frequency range 20 Hz to 2 kHz.
Another important application of femtosecond waveguide fabrication is the creation of active
devices [29-33]. Femtosecond laser fabrication of waveguide devices has been demonstrated in
various active materials, enabling the production of devices such as light sources and amplifiers
which are essential elements in optical networks and circuits. Er-Yb doped glass has been used
to develop waveguide lasers with single longitudinal mode and mode locking [30,31], while
optical waveguide amplifiers have also been created in other materials such as Nd-doped glass
and photo-tellurite glass [32,33]. Frequency doubling in a PPKTP waveguide has also been
shown [34].
In 2003, single mode waveguides were written in active Er-Yb doped glass using astigmatic
shaping [29]. In that study, 9 mm long waveguides were written in Er-Yb doped phosphate glass
using a cavity-dumped Yb:KYW oscillator, demonstrating an internal gain of 1.4 dB. The use of
substrates with reduced doping or detuned pump diodes should enable substantially higher gains,
allowing for the production of waveguide amplifiers and lasers. Writing speed, which was
limited by the low repetition rate of the writing source, can be increased with higher repetition
rates, and this would open the possibility of industrial production.
Soon after the demonstration of optical gain in a femtosecond laser written waveguide, a single
longitudinal mode waveguide laser emitting at 1.5 prm was fabricated in Er-Yb doped phosphate
glass [30] Figure 4 [30] shows (a) the bi-directional pumping linear cavity configuration, and (b)
the slope efficiency and spectrum of single-mode operation. This device had more than 50 mW
of output power and had 21% slope efficiency. The Figure 4 inset shows the device's relative
intensity noise spectrum while operating in a single longitudinal mode.
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Fig. 4 [30] Single longitudinal mode 1.5 ptm waveguide laser written with femtosecond fabrication
(a) the bi-directional pumping linear cavity configuration. (b) The slope efficiency of single-mode
operation. (Inset) the device's relative intensity noise spectrum while in single longitudinal mode.
Passive modelocking in a femtosecond written waveguide in Er-Yb doped phosphate glass soon
followed [31]. Passive modelocking was obtained using a specially designed fiber-pigtailed
carbon nanotube absorber incorporated into a monolithic waveguide laser structure. The
waveguide laser is operated in a ring cavity configuration and pumped with two 976 nm laser
diodes each providing 480 mW of incident power. Lasing threshold is at 450 mW of pump
power, and self-starting modelocking was observed immediately above the laser threshold. The
pulse width, as measured by autocorrelation, is 2.72 ps, and the spectrum has FWHM of 1.6 nm
centered at 1535 nm. The repetition rate of the cavity is 16.74 MHz, although this can be
changed by altering the cavity configuration. The laser efficiency is low (output power was about
0.1 mW) due to relatively high insertion losses inside the cavity. By reducing intra-cavity losses
and optimizing dispersion, it may be possible to use a larger portion of the Er gain bandwidth
and achieve femtosecond laser operation.
Another application of femtosecond laser waveguide fabrication is the creation of microchannels.
Microchannels created in glass substrates have applications in microphotonics, microelectronics,
and microfluidics. Material can be removed from a substrate either by direct ablation [35-38] or
chemical etching following laser exposure [39-45]. A study done on morphology of femtosecond
laser-induced structural changes suggests that voids appearing in the material at higher laser
energies are from hot electrons and ions explosively expanding into surrounding regions [35]. At
high NA focusing, studies suggest that energy from the laser pulse is absorbed by the material
through nonlinear absorption or linear absorption by a plasma, resulting in bulk damage [36].
Time-resolved phase contrast microscopy has been used to investigate the timescales of void
formations, suggesting shock wave generation followed by rarefaction [37]. Preliminary work
on high-aspect ratio microchannel ablation using Bessel beams has also been performed [38].
For exposures slightly above that of waveguide writing and below that of void formation,
irradiation of glass materials results in a material modification, making the glass more
susceptible to etching by strong acidic agents such as hydrofluoric acid (HF). Microchannels can
be written in desired 3D configurations by irradiation followed with immersion of the sample in
the etching agent. To demonstrate application to microfluidic structures, frequency-doubled
Ti:Sapphire lasers and HF etching have been used to fabricate channels, reservoirs, and through-
holes on tenths of a micrometer scale in Pyrex glass, providing good-quality finishing for passive
fluid transport [39]. Careful design of 3D spiral-path scanning during exposure can be used to
produce more complex structures such as tailored channel shapes, access holes, microfluidic
interconnects, and waveguide-to-fiber adaptors [41]. Modified processing methods have
improved the channel smoothness, aspect ratio, and flexibility of geometries [44,45]. The
powerful method of combining femtosecond exposure and etching can be used to fabricate
buried microfluidic channels and photonic devices within the same chip, enabling the integration
of microoptical and microfluidic technologies for lab on chip (LOC) [39,41,46]. This will be
discussed in detail in Chapter 2.
1.2 Femtosecond two photon polymerization (TPP)
1.2.1 Introduction to femtosecond two photon polymerization (TPP)
Femtosecond laser fabrication of micro optical devices by two photon polymerization (TPP) is a
powerful method for the fabrication of high resolution, 3D structures for applications in
photonics, micromechanical systems, microelectronics, and Lab-On-Chip(LOC) [47-5 3]. TPP is
usually performed with a UV curable resist. When light from a near-IT femtosecond laser beam
is tightly focused inside the resist, the spatial density of photons at the focal point is high and the
photoinitiator generates radicals through the simultaneous absorption of two degenerate photons.
The TPP concept is shown in Figure 5 [54].
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Fig. 5 [54] Using near-IR light, the spatial density of photons becomes high at the focal point, and
each photoinitiator absorbs two near-IR photons simultaneously.
Crosslinking of monomers and oligomers inside the resist is facilitated either by photointiator-
generated free radicals or cations. TPP is advantageous over traditional lithographic processing
because it enables fabrication of 3D structures of down to 100 nm resolution with relatively
simple processing. Furthermore, the TPP technique enables integration of 3D structures into
existing photonic, micromechanical or LOC elements with no alteration of existing parts.
Traditionally, microfabrication using UV single photon photopolymerization has been used in
fields such as MEMS, integrated microfluidic systems, and photonic waveguides. However, 3D
spatial resolution has been limited because of the large longitudinal size of the exposure volume.
In TPP, a femtosecond source is focused using high NA, and the spatial density of photons
becomes high at the focal point. Absorption, or dW/dt, is proportional to the square of the
incident intensity I, with the photopolymerization defined by the point-spread function as the
square of that of single photon absorption; This results in a smaller voxel, or polymerized
volume, as shown in Equation 1 [50]
dW 8, 2 1,1 Im(
cit nc~
(1)
Eq. 1 [50] the absorption rate is proportional to the incident intensity squared (12), FWHM of the
point-spread function is reduced to the square root as that of single photon absorption. X3 is the
third order nonlinear absorption coefficient, v is light field frequency, and n is the refractive index.
The rate of two photon absorption dnpl/dt is dependent on the absorption cross-section, as shown
in Equations 2 and 3 [51]. The nonlinear property of the absorption leads to a smaller voxel
volume and improved resolution compared with single photon polymerization.
ph= NF2
dt ~ (2)
8,r2hv 2
~ n C (3)
Eq. 2, Eq. 3 [51] The rate of photon absorption is dependent on the nonlinear two photon
absorption cross- section a2 dnp,/dt is the number of photons absorbed per unit time, N is the
density of absorbing molecules, and F is the flux of the beam, F=I/hv. The TPA cross section is
dependent on the nonlinear coefficient X, the photon energy, and index n. c is the speed of light.
After absorption of photons, molecules inside the material are in an excited state and transfer
energy to the photoinitiators, which then generate radicals or cations. The concentration of two
photon excited initiators p and density of radicals [Ae]can be described by Equations 4 and 5 [50,
51].
= (P0 -p)G 212
't (4).
[A]= [(A] I dt x Npl1se
2(w)- ,,Inse (5)
Eq. 4, [50,51] Rate of radical density p increase. po is initial radical concentration, I is intensity, u2
is two photon absorption cross section Eq. 5 [52] concentration of two photon excited radicals
[Ae]. [A] is photoinitiator concentration, and hco is photon energy. Npu;se is number of pulses.
Once radicals are formed, they may (i) decay to the ground state with emission of light or heat
(ii) be quenched by radical quenchers such as oxygen or (iii) react with monomers inside the
resist to initiate polymerization. TPP is achieved with the realization of step (iii). The degree of
polymerization Pn is given by Equation 6 [52].
kIM]
" k1(2kaf/1k) 12[A el m+ ko( (02 6)
Eq. 6 [52] Degree of polymerization P,. [AJ is concentration of monomers, [02] is concentration
of oxygen. f is efficiency of initiator dissociation. k,, k,, kd and k,, are the reaction rate constants
of propagation, termination, dissociation of initiators and termination.
TPP can be performed with either positive or negative resist and with different polymerization
processes. For resins based on urethane acrylate monomers/oligomers, the polymerization
process is dominated by radical based polymerization. In this process, the photoinitiator
becomes a radical after absorption of two near-IR photons. Radicals cut the double bonds
between carbons in the acrylyl groups of the monomers and oligomers composing the resist and
subsequently link them together with other monomers and oligomers. These molecules then
gain new radicals at the ends which combine with other monomers and oligomers. This chained
process, called propagation, continues until one chained radical meets another chained radical at
termination. The concept of this photochemical process is illustrated in Equation 7 [47].
1+ 2hD-4 2R
R+M4 R--M
R-Mn+M-R-Mn+1
2R-Mn4R-M2n--R
Eq. 7 [47] Schematic for a typical radical induced photopolymerization. I and R represent
photoinitiators and free radicals, respectively, while M, Mn and R-Mn represent monomers-
oligomers, polymers, and chained radicals, respectively.
In contrast, another crosslinking method is called cationic polymerization [55]. Cationic TPP
originates from Bronsted acid generation by a specific class of photoinitiators. Cationic
polymerization can be understood by looking at an example of catalysts called diphenyliodonium
salts. Enabled by a sensitizer, these salts become Bronsted acids when they encounter radiation.
The polymerization process can be seen from Equation 8 [55].
TX+ 2h[- 1TX -> 3TX (TX*)
TX*+Ph 21++ TX++Ph 2l~
TX++ M4 TX-M
TX-Mn+M4TX-Mn+1TX-Mn4TX-Mn--O
Eq. 8 [55] Schematic for an example of cationic polymerization. TX is the sensitizer
thioxanthone, and superscripts represent electronic states. PhI is the cationic photoinitiator
(diphenyliodoniim salt) which reacts with it to form a strong Bronsted acid. This acid is catalytic
and initiates polymerization by quenching radically cationic monomers.
When excited by laser irradiation, the sensitizer (TX) enters into a triplet state and interacts with
the photoninitiator (Ph2I*) to produce cationic radicals, which are quenched by monomers (M).
During the quenching process, the cationic radical breaks the end bonds of monomers to
facilitate crosslinking. Cationic TPP relies on single molecule termination for the chain
reaction, resulting in stronger dependence on light intensity compared to free radical
polymerization. The strong dependence on light intensity creates a large dynamic range of
exposures. In addition, cationic TPP allows for both negative and positive resist fabrication
processes, making it a more flexible technique [56]. The only consideration is that the limit of
resolution is defined by the area of acid diffusion, which can make the voxel larger than that of
radical polymerization, other conditions being held equal.
1.2.2 Materials and methods for TPP
In early developmental studies, TPP was performed with commercially available resins such as
urethane acrylates and epoxies [57]. These polymers were originally developed for 3D modeling
of macroscale plastic parts and did not have optimal mechanical or chemical properties for
applications in photonics, microfluidics, and MEMS devices. Recently, with improved
capabilities of fabrication resolution, several resists tailored for TPP, including hybrid polymers
containing metal ions and inorganic-organic hybrid polymers [58] have been developed.
For TPP fabrication, the choice of material is dependent upon its application. For instance, for
photonic and LOC applications, a commonly used epoxy material is SU-8 [59]. SU-8 is a
positive resist with chemical formula shown in Figure 6 [59]. Polymerized SU-8 is chemically
inert, thermally stable, and optically transparent at visible and near-IR wavelengths.
0
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Fig. 6 [59] Chemical formula of SU-8. SU-8 consists of a epoxy oligomer with eight reactive
epoxy sites and a photoinitiator called triarylsulfonipm hexafluroantimonate salt.
SU-8 resist is a highly sensitive negative resist which relies on cationic propagated
polymerization. SU-8 consists of an epoxy oligomer with eight reactive epoxy sites and a
photoinitiator called triarylsulfonitm hexafluroantimonate salt. When laser light irradiates the
resin, photoacid generators act as a catalyst for the cross-linking process. Baking of the resin
after irradiation activates the cross-linking and propagates the reaction by generating more acid
catalysts. Fully crosslinked SU-8 is very thermally and mechanically stable, with a degradation
temperature of around 380'C and Young's modulus of E- 4-5 GPa. Removal methods are
available by calcination at about 600'C in normal atmosphere [59].
A different class of commonly used resists are organic-inorganic hybrid polymers synthesized
using a sol-gel process. For example, organically modified ceramics, ORMOCERs, contain a
highly crosslinkable organic network as well as inorganic components [60]. Similar with SU-8,
ORMOCERs are highly transparent in the visible and near-IR wavelengths and are mechanically
and thermally stable. Polymerization is initiated by radical generation. ORMOCERs are
different from SU-8 in that their pre-exposure state is liquid while SU-8 is solid. ORMOCERs
are thermally stable even above 6000 C, at which SU-8 is removable by calcination. TPP in
ORMOCERs also has the added advantage that real-time monitoring can be performed since
crosslinking occurs during exposure and there is no post-exposure baking required.
Recently, a research group has developed a zirconium-silicon hybrid sol-gel, SZ2080, which
allows for high resolution TPP fabrication with low shrinkage [61-63]. The sol-gel is composed
of a silicon aloxide (MAPTMS) and zirconium alkoxide (ZPO), which are synthesized by
hydrolysis. The photoinitiator is called 4,4=-bis(diethylamino) benzophenone. Chemical
structure of the photoinitiator and the hydrolysis step to form a hybrid organic-inorganic polymer
are shown in Figure 7 [61].
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Fig. 7 [61]. Chemical structures of the photoinitiator 4,4=-bis(diethylamino) benzophenone and
polymerization by condensation of MAPTMS and ZPO to form a hybrid organic-inorganic
polymer.
These sol-gel organic-inorganic hybrid resists have relatively simple preparation and processing
protocols. The copolymerization of a silicon alkoxide with a zirconium alkoxide improves the
material's mechanical stability and allows for modification of the refractive index. These
properties make SZ2080 ideal in TPP applications such as photonic crystals and waveguide
fabrication. In addition, it is possible to modify the material by adding various functional
groups. For instance, a nonlinear optical chromophore can be added to produce a sol-gel which
is electrooptically active [63]. The material's refractive index can be tailored by changing the
percentage of ZPO content. The percentage ZPO content can also be used to alter the material's
light sensitivity and voxel size [61]. The use of SZ2080 is advantageous for applications
sensitive to structural deformation, since its low shrinkage properties means no additional design
efforts are needed to compensate for distortions or mechanical instability.
The choice of photonitiators, which are responsible for the initiation of radical generation and
propagation of crosslinking, are equally important for efficient TPP processing. Photonitiators
may become radicals homolytically or transfer energy to a coinitiator. These are classified as
type I and type II photonitiators, respectively. Depending on the two photon absorption cross-
section, initiation rate and solubility, a specific photoinitiator may be chosen [64]. For SU-8
resins, the photoinitiator is a photo acid generator and a salt compound. For organic-inorganic
hybrids such as SZ2080, the photoinitiator is usually an organic compound which acts as a
catalyst for cationic radical production.
When applied properly, TPP is more efficient than traditional microprocessing methods because
it is more cost-effective, has 3D capabilities, and involves fewer steps during processing. To this
end, choice of fabrication method for complex structures is crucial since fabrication time is
highly dependent upon the exposure conditions and the scanning method. In earlier studies, 3D
structures were fabricated by successively irradiating 2D layers [51], while newer studies employ
surface-only TPP irradiation followed by curing of the inner resist with UV irradiation [48, 49].
Circular scanning may be used for devices which have circular geometry such as microlenses,
and various scanning techniques such as sub-regional slicing and continuous scanning may be
used depending on the device geometry [49,65]. Figure 8 [48] shows a 3D statue fabricated using
a continuous scanning method.
Fig. 8 [48] Finely featured 3D statue fabricated using the continuous scanning method.
1.2.3 Spatial resolution of TPP
Because of competing nanofabrication technologies such as electron-beam lithography,
nanoimprint lithography, and focused ion-beam lithography, improvement of spatial resolution is
a key issue in the development of TPP. One of the earliest theoretical investigations into voxel
size, or the smallest polymerized volume, showed dependence on many parameters such as laser
characteristics, numerical aperture, and threshold energy for polymerization [51]. Equation 9
[51] is a model for the diameter (d) and longitudinal size (1) of a voxel based on a Gaussian
intensity laser beam and a constant threshold intensity. This model assumes there is negligible
diffusion outside of the exposure area and that changes in viscosity are minimal. Voxel aspect
ratio is expected to be between 3:1 and 5:1.
(1(P, t NA) =
-r tan (sin- (NA /n))
4~~~~~~~ -P , -1(A1)(4r2Pz t - [tan (sin(NA/n))][ n1 4
I(P t, NA) = 2z =
p 2 - t - [tan (Sin-1(NA/n))]4 1/2 
-
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Eq. 9 [51] Diameter (d) and longitudinal dimension () of a voxel based on Gaussian beam
intensity. Et is the exposure threshold, ) is wavelength, n is index of refraction of the resin, P is
average laser power, t is exposure time, and NA is numerical aperture.
Several studies have proposed more complex models for voxel size. For example, voxel
formation can be described by the "focal spot duplication" and "voxel growth" regimes, which
depend on the time scale [51]. Minimal voxel size can be achieved by optimizing exposure
parameters to achieve finer features. Figure 9 shows the limit feature size achieved in recent
years.
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Fig. 9 Improvement.of resolution in TPP in recent years. Diamonds represent epoxy based
polymers. Squares represent organic-iorganic hybrid sol-gels, and triangles represent nanowire
structures.
Until recently, the commonly accepted limiting lateral voxel size is 100 nm [51], but various
methods have been used to reduce the lateral size to less than this limit. Since voxel size is
limited by the diffusion of radicals and growth of polymer chains outside the illuminated
volume, addition of an appropriate number of radical quenchers can help produce a smaller voxel
size [67]. Using this method, studies have demonstrated reduced feature size and improved
1/2
N
M[58]
N[62]
*[57] [66] 467]
* [52]
[72]A [1[70]
A- A[68]
,r [tan (sin-1(NA/n) ]2
4 -r2
surface roughness of 4-11 nm [66]. However, while increasing the amount of radical quenchers
in a resin can decrease voxel size, it also results in increased exposure threshold for TPP.
Another disadvantage is that radical quenchers may decrease the length of polymerized chains,
resulting in structures which are less mechanically stable. An alterhantive method for increasing
resolution is using a highly sensitive photoinitiator to reduce exposure threshold and exposure
time [52,68,69]. This methods has been used to achieve lateral spatial resolution of 80 nm in a
commercial resist named SCR500 [68]. Exposure time influences the number of radicals
produced by a photoinitiator, so lower threshold reduces the region where radicals are initially
generated and short exposure time decreases the number and also the diffusion of radicals.
Figure 10 [69] shows SEM images of lines of exposed SU-8 with decreasing laser power. At
less than 1 mW, structures with lateral size of around 80 nm are possible.
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1.01 1.16 127 1,6 2.02 2.53 3.20 080
Fig. 10 [69] SEM images of lines of exposed SU-8 with decreasing laser power. To reduce
exposure threshold and feature size, a highly sensitive photoinitiator is used. At less than 1 mW,
structures have lateral size of about 80 nm.
Recently, a study showed adding super diffractive optical element at the objective lens modifies
the focal point intensity distribution. Using this technique the resolution has been decreased to
less than 50 nm [70]. Alternative methods of reducing feature size include writing suspended
fibers or taking advantage of weakly polymerized regions with repolymerization [71,72] to
produce nanofibers. By fabricating polymer supports at optimal spacing and taking advantage
of the weakly polymerized region between them, nanofibers with lateral dimension of less than
30 nm have been demonstrated. Figure 11 [72] shows SEM images of nanofibers suspended
between polymer supports. This techniques, although capable of producing extremely fine
structures, lacks the control needed to be reproducible and cannot be used yet to produce scanned
patterns or voxels.
Fig. 11 [72] SEM images of SU-8 lines and nanofibers suspended between them from weakly
polymerized regions. Nanofibers of lateral dimension less than 30 nm have been demonstrated
using this method.
Further improvements in resolution are promising with continued understanding of
polymerization processes and polymer characteristics [73, 74].
1.2.4 Applications of TPP
In recent years, femtosecond TPP has been used to fabricate structures with various applications.
These include photonics devices [75-77], micromechanical and biomedical devices [78-80],
microfluidic elements [81-84], and finally, biocompatible devices and scaffold structures
[60,85,86]. Because of the high optical transparency and smoothness of TPP devices, they have
been exploited in several optical and photonics applications, including microlenses, waveguides,
photonic crystals and diffractive elements [63,65,75-77]. Figure 12 (a) [76] shows the
microscope image and (inset) SEM of TPP fabricated dielectric-loaded surface plasmon-
polariton waveguides (DLSPPW) which are ridge polymer waveguides fabricated in a
commercial resin named SCR500. The writing source is a tightly-focused Ti-Sapphire
femtosecond oscillator of wavelength 830 nm and repetition rate 76 MHz. The curved
waveguide is made for launching the input light. Figure 12 (b) shows an image of the DLSPPW
output mode. The substrate is a thin piece of glass with gold coating. Because of the high
refractive index contrast between the dielectric and air, lateral confinement of the mode is good
and scattering and bending losses are relatively small compared with metal-dielectric SSPWs.
Fig. 12 [76] (a) Microscope image and (inset) SEM of DLSPPW fabricated in SCR500. (b) An
image of the DLSPPW output mode.
Within the field of micromechanics, TPP has been used to fabricate a wide range of
micromachines such as pumps [79], valves [84], microoscillators [57], and biomedical devices
[80]. Figure 13 [57] shows a 3D microoscillator whose spring, anchor and bead are all produced
from TPP. Figure 13 (a) and (b) shows the spring in its original and stretched states. Figure 13
(c) shows the restoring curve of the spring, measured using laser trapping of the end bead. Scale
bars are 2 pm.
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Fig. 13 [57] (a) and (b) TPP fabricated microoscillator in its original and stretched states. Scale
bars are 2 pm. Fig 10 (c) The restoring curve of the spring, measured using laser trapping of the
end bead.
Micromachines, combined with optical manipulation, is a powerful technology that enables
advances in microfluidics, biomechanics, and MEMs devcies. The direct write and 3D nature of
TPP enables the production of micromechanical devices with geometries that are difficult to
fabricate using conventional microfabrication technologies.
Recently, the field of miniaturized microfluidic devices, or Lab-On-Chips (LOC), has seen rapid
advancements with the development of advanced micro and nanoprocessing techniques. TPP
has been demonstrated in the prototyping of a variety of conceptual and functional LOC
elements. Lobed micropumps [79], microfluidic shell components [81,82] and other
microfluidic devices [83,84] have been made. Compared with traditional technologies, the
fabrication efficiency can improve by orders of magnitude. Furthermore, the integration of
movable micromechanical and optical components makes TPP a promising tool to enable
fabrication of complex LOC systems. As an example of this, Figure 14 [81] shows (a) an SEM
image of a conceptual LOC device and (b) enlarged detail of a microporous filter. To mimic
possible 3D filtering structures, sets of 2 pm size bores are created in the polymer wall. The use
of the solid negative resist SU-8 was a critical factor in this case for the formation of structures
which were mechanically stable and free-standing. After laser scanning of side walls, additional
UV exposure is used to create the roof and base of the chip.
(a) (b)
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Fig. 14 [81] TPP fabricated conceptual LOC device. Devices have dimensions 15 pim height and
100 pim diameter. (a) stand-alone shell design and (b) walls with roof design. (c) (d) "Open" and
"closed" states of a TPP fabricated one-way valve. Arrows indicate direction of water flow
To improve on this, the same group demonstrated a one-way microfluidic valve, shown in Figure
14 (c) and (d) [81]. The microvalve consists of a rectangular gate with a moveable hinge. The
microvalve is integrated into a microfluidic channel by TPP and has dimensions of 25 ptm in
length and 10 ptm in height. Depending on the direction of fluid flow, the valve can be switched
between the states of "open" or "closed." The demonstration of TPP fabrication of microfluidic
channels and devices with moving parts makes it a highly promising method for the production
of complex functional LOCs.
Alongside
realization
migration.
LOC, TPP fabrication in biologically compatible materials can be used for the
of 3D scaffolds and irregular structures useful in studies of tissue engineering and cell
Crucial factors such as mechanical properties, scaffold and void dimensions,
biocompatibility, and ease of characterization are important in designing such structures. For
example, ORMOCERs have been shown to be compatible with 3D cell-growth on their surfaces
[60]. TPP fabrication of CAD-designed tree-like scaffolds useful in tissue engineering have been
demonstrated in an ORMOCER material [85]. Addtionally, TPP realized 3D woodpile structures
were used to perform a study on 3D cell migration [86]. For this study, TPP enables control of
the pore size, shape, porosity and permeability of the polymer matrix down to the sub-micron
scale. Biochemical and biophysical cues can be presented to the cells by changing the material
or coating it with different peptides. This is useful for possible studies of stem cell development
or tissue engineering. Figure 15 [86] shows (a) the en-face brightfield optical image and (b)
overlapped 3D fluorescent confocal images and differential interference contrast images of
scaffolds of 52 gm spacing with cells growing inside.
Fig. 15 [86] (a) A top-view brightfield optical image and (b) overlapped 3D fluorescent confocal
images and interference contrast images of polymer scaffolds of 52 pm spacing. Cell migration
studies are performed with human fibrosarcoma cells. The resist is a viscous triacrylate two-
monomer resin.
TPP is a powerful method for the fabrication of complex 3D structures with relatively simple
processing, direct write capability and sub-micron resolution, but because structures are
fabricated on a point-by-point basis, time and cost efficiency must be addressed when we
consider mass production and replication. A combination of techniques such as simultaneous
multiple point fabrication, combined UV exposure and highly sensitive resists would make it
possible to approach the speed at which lithographic technologies are used to write micro- and
nano scale devices.
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1.3 Conclusions
Femtosecond laser processing is an important emerging technology applicable to a large variety
of engineering fields. It is capable of maskless fabrication of high density, 3D devices with sub-
micron reoslution. Here, we have reviewed the major existing work on femtosecond laser
waveguide fabrication and TPP. The following chapters will introduce the concept of lab-on-
chip (LOC) technology and present the powerful technology for the integration of photonic
devices and passive microfluidic devices onto LOC using femtosecond laser processing.
Femtosecond waveguide fabrication is used to integrate 3D MZI into straight channels inside a
LOC for label-free spatially resolved refractive index sensing. TPP is used to integrated
rectangular and triangular 3D porous filters into a capillary electrophoresis chip to enable high
efficiency separation of nanoscale and microscale particles.
References
[1] R.R. Gattass and E. Mazur, "Femtosecond laser micromachining in transparent materials,"
Nat. Photon. 2, 219-225 (2008).
[2] S. Maruo, 0. Nakamura, and S. Kawata, "Three-dimensional microfabrication with two-
photon-absorbed photopolymerization," Opt. Lett. 22, 132-134 (1997).
[3] B. H. Cumpston, S. P. Ananthavel, S. Barlow, D. L. Dyer, J. E. Ehrlich, L. L. Erskine, A. A.
Heikal, S. M. Kuebler, I.Y. S. Lee, D. McCord-Maughon, J. Q. Qin, H. Rockel, M. Rumi, X. L.
Wu, S.R. Marder, and J.W. Perry, "Two photon polymerization initiators for three-dimensional
optical data storage and microfabrication", Nature 398, 51-54 (1999).
[4] J. Ishihara, K. Komatsu, 0. Sugihara, and T. Kaino, "Fabrication of three-dimensional
calixarene polymer waveguides using two-photon assisted polymerization," Appl. Phys. Lett. 90,
033511 (2007).
[5] K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, "Writing waveguides in glass with a
femtosecond laser," Opt. Lett. 21, 1729-31 (1996).
[6] K. Minoshima, A. M. Kowalevicz, E. P. Ippen, and J. G. Fujimoto, "Fabrication of coupled
mode photonic devices in glass by nonlinear femtosecond laser materials processing," Opt. Exp.
10, 645-652 (2002).
[7] G. Della Valle, R. Osellame, P. Laporta, "Micromachining of photonic devices by
femtosecond laser pulses," J. Opt. A: Pure Appl. Opt. 11, 013001 (2009).
[8] T. Allsop, M. Dubov, V. Mezentsev, and I. Bennion. "Inscription and characterization of
waveguides writteninto borosilicate glass by a high-repetition-rate femtosecond laser at 800nm,"
Appl. Opt. 49, 1938-1950 (2010).
[9] J. Siebenmorgen, K. Petermann, G. Huber, K. Rademaker, S. Nolte, A. Ttinnermann,
"Femtosecond laser written stress-induced Nd:Y 3Al5 0 1 2 (Nd:YAG) channel waveguide laser,"
Appl. Phys. B: Las. Opt. 97, 251-255 (2009).
[10] L. Shah, A.Y. Arai, S.M. Eaton, P.R. Herman, "Waveguide writing in fused silica with a
femtosecond fiber laser at 522 nm and 1 MHz repetition rate," Opt. Exp. 13, 1999-2006 (2005).
[11] J. R. Liu, Z. Y. Zhang, S. D. Chang, C. Flueraru, and C. P. Grover, "Directly writing in
fused of 1-to-N optical waveguide power splitters silica glass using a femtosecond laser," Opt.
Comm. 253, 315-319 (2005).
[12] Y. Shimotsuma, M. Sakakura, K. Miura, J. Qiu, P. G. Kazansky, K. Fujita, and K. Hirao,
"Application of Femtosecond-Laser Induced Nanostructures in Optical Memory," J Nanosci.
Nanotech. 7, 94-104 (2007).
[13] A. M. Streltsov and N. F. Borrelli, "Study of femtosecond-laser-written waveguides in
glasses," J. Opt. Soc. A. B: Opt. Phys. 19, 2496-2504 (2002).
[14] A. Zoubir, M. Richardson, L. Canioni, A. Brocas, L. Sarger, "Optical properties of infrared
femtosecond laser-modified fused silica and application to waveguide fabrication," J. Opt. Soc.
Am. B: Opt. Phys. 22, 2138-43 (2005).
[15] P. Dekker, M. Ams, G. D. Marshall, D. J. Little and M. J. Withford, "Annealing dynamics
of waveguide Bragg gratings: evidence of femtosecond laser induced colour centres," Opt. Exp.
18, 3274-3283 (2010).
[16] Little, Douglas J. Ams, Martin; Dekker, Peter; Marshall, Graham D.; Withford, Michael J.
"Mechanism of femtosecond-laser induced refractive index change in phosphate glass under a
low repetition-rate regime," J. Appl.Phys. 108, 03311 (2010).
[17] S. Nolte, M. Will, J. Burghoff, and A. Tunnermann, "Ultrafast laser processing: new
options for three-dimensional photonic structures," J. Mod Opt. 51, 2533-2542 (2004).
[18] S. M. Eaton, H. Zhang, M. L. Ng, J. Li, W. Chen, S. Ho, P. R. Herman, "Transition from
thermal diffusion to heat accumulation in high repetition rate femtosecond laser writing of buried
optical waveguides," Opt. Exp. 16, 9443-9458 (2008).
[19] J.A. Dharmadhikari, A.K. Dharmadhikari, A. Bhatnagar, A. Mallik, P. Chandrakanta Singh,
R. K. Dhaman, K. Chalapathi, D. Mathur, "Writing low-loss waveguides in borosilicate (BK7)
glass with a low-repetition-rate femtosecond laser," Opt. Comm. 284, 630-634(2011).
[20] T. Pertsch, U. Peschel, F. Lederer, J. Burghoff, M. Will, S. Nolte, and A. Tunnermann,
"Discrete diffraction in two-dimensional arrays of coupled waveguides in silica," Opt. Lett. 29,
468-470 (2004).
[21] V. Sharma, A. M. Kowalevicz, Jr., R. Huber, J. G. Fujimoto, and K. Minoshima, "Three
dimensional waveguide splitters fabricated in glass using a femtosecond laser oscillator," CLEO,
Baltimore, MD, USA, (2005).
[22] K. Suzuki, V. Sharma, J. G. Fujimoto, and E. P. Ippen, "Characterization of symmetric
[3x3] directional couplers fabricated by direct writing with a femtosecond laser oscillator," Opt.
Exp. 14, 2335-2343, (2006).
[23] J. Suzuki , Y. Arima, M. Yamaji, H. Kawashima, and S. Tanaka, "Curved-Waveguide
Fabrication using Femtoseocnd Laser Processing with Glass Hologram," Proc. SPIE Vol. 7589
75890T-1 (2010).
[24] M. Sakakura, T. Sawano, Y. Shimotsuma, K. Miura, K. Hirao, "Fabrication of three-
dimensional 1 x4 splitter waveguides inside a glass substrate with spatially phase modulated laser
beam"Opt. Exp. 18, 12136-12143 (2010).
[25] M. Pospiech, M. Emons, B. Vackenstedt, G. Palmer, and U. Morgner, "Single-sweep laser
writing of 3D waveguide devices," Opt. Exp. 18, 6994-7001 (2010).
[26] G. Li, K.A. Winick, Ali Said, M. Dungan, and P. Bado, "Waveguide electro-optic
modulator in fused silica fabricated by femtosecond laser direct writing and thermal poling" Opt.
Lett. 31, 739-741 (2006).
[27] P. Bado, "Manufacturing of High Quality Integrated Optical Components by Laser Direct-
Write," Int. Cong. Appl. of Lasers Electroopt, (2003).
[28] M. Kamata, M. Obara, R. R. Gattass, L. R. Cerami, and E. Mazur, "Optical vibration sensor
fabricated by femtosecond laser micromachining," Appl. Phys. Lett. 87, 51106-1 (2005).
[29] R. Osellame, S. Taccheo, M. Marangoni, R. Ramponi, P. Laporta, D. Polli, S. De Silvestri,
and G. Cerullo, "Femtosecond writing of active optical waveguides with astigmatically shaped
beams," J. Opt. Soc. A. B: Opt. Phys. 20, 1559-67(2003).
[30] G. Della Valle, S. Taccheo, R. Osellame, A. Festa, G. Cerullo, P. Laporta,. "1.5 ptm single
longitudinal mode waveguide laser fabricated by femtoseocnd laser writing," Opt. Exp. 15, 3190-
3194 (2006).
[31] G. Della Valle, R. Osellame, G. Galzerano, N. Chiodo, G. Cerullo, P. Laporta, and 0.
Svelto. "Passive mode locking by carbon nanotubes in a femtosecond laser written waveguide
laser," Appl. Phys. Lett., 89, 231115 (2006).
[32] T. T. Fernandez, S. Eaton, G. Della Valle, R. M. Vazquez, M. Irannejad, G. Jose, A.Jha,
G. Cerullo, R. Osellame, P. Laporta, "Femtosecond laser written optical waveguide amplifier in
phosphotellurite glass," Opt. Exp. 18, 20289-20297 (2010).
[33] Y. Sikorski, A. A. Said, P. Bado, R. Maynard, C. Florea, and K. A. Winick, "Optical
waveguide amplifier in Nd-doped glass written with near-IR femtosecond laser pulses," Elec.
Lett. 36, 226-227 (2000).
[34] C. Tu, Z. Huang, K. Lou, H. Liu, Y. Wang, Y. Li, F. Lu, and H.-T. Wang, "Efficient green-
light generation by frequency doubling of a picosecond all-fiber ytterbium-doped fiber amplifier
in PPKTP waveguide inscribed by femtosecond laser direct writing," Opt. Exp. 18, 25183-
25191(2010).
[35] C. B. Schaffer, A. 0. Jamison, and E. Mazur, "Morphology of femtosecond laser-induced
structural changes in bulk transparent materials," Appl. Phys. Lett. 84, 1441-1443 (2004).
[36] J. B. Ashcom, R. R. Gattass, C. B. Schaffer, and E. Mazur, "Numerical aperture dependence
of damage and supercontinuum generation from femtosecond laser pulses in bulk fused silica," J.
Opt. So. Am. B: Opt. Phys. 23, 2317-22 (2006).
[37] A. Mermillod-Blondin, J. Bonse, A. Rosenfeld. I. V. Hertel, Yu. P. Meshcheryakov, N.M.
Bulgakova, E. Audouard, R. Stoian, "Dynamics of femtosecond laser induced voidlike
structures in fused silica," Appl. Phys. Lett. 94, 041911 (2009).
[38] M. K. Bhuyan, F. Courvoisier, P.-A. Lacourt, M. Jacquot, L. Furfaro, M. J. Withford and J.
M. Dudley, "High aspect ratio taper-free microchannel fabrication using femtosecond Bessel
beams," Opt. Exp. 18, 566-574 (2010)
[39] A. A. Said, M. Dugan, P. Bado, Y. Bellouard, A. Scott, and J. R. Mabesa, Jr.,
"Manufacturing by laser direct-write of three-dimensional devices containing optical and
microfluidic networks," Proc. SPIE 5339, 194-204 (2004).
[40] S. Kiyama, S. Matsuo, S. Hashimoto, and Y.Morihira, "Examination of Etching Agent and
Etching Mechanism on Femtosecond Laser Micro-fabrication of Channels Inside Vitreous Silica
Substrates," J. Phys. Chem. C 113, 11560-11566 (2009).
[41] V. Maselli, R. Osellame, G. Cerullo, R. Ramponi, P. Laporta, L. Magagnin, and P. L.
Cavallotti, "Fabrication of long microfluidic channels with circular cross section using
astigmatically shaped femtosecond laser pulses and chemical etching," Appl. Phys. Lett. 88,
191107 (2006).
[42] K. C. Vishnubhatla, N. Bellini, R. Ramponi, G. Cerullo, R. Osellame, "Shape control of
microchannels fabricated in fused silica by femtosecond laser irradiation and chemical etching,"
Opt. Exp. 17, 8685-95 (2009).
[43] Y. Li and S.-l. Qu, "Fabrication of spiral-shaped microfluidic channels in glass by
femtosecond laser," Mater. Lett. 64 1427-1429 (2010).
[44] F. He, Y. Cheng, Z. Xu, K.Sugioka and K. Midorikawa, "Centimeter-long microfluidic
channel with an aspect ratio above 1,000 directly fabricated in fused silica by femtosecond laser
micromachining," Proc. SPIE 7584, 75841A-1 (2010).
[45] Y. Liao, Y. Ju, L. Zhang, F.He, Qi.Zhang, Y. Shen, D. Chen, Y. Cheng, Z. Xu, K. Sugioka
and K. Midorikawa,"Three-dimensional microfluidic channel with arbitrary length and
configuration fabricated inside glass by femtosecond laser direct writing," Opt. Lett. 35, 3225-
3227 (2010).
[46] A. Crespi, Y. Gu, B. Ngamsom, H. J. W. M. Hoekstra, C. Dongre, M. Pollnau, R. Ramponi,
H. H. van den Vlekkert, P. Watts, G. Cerullo R. Osellame, "Three-dimensional Mach-Zehnder
interferometer in a microfluidic chip for spatially-resolved label-free detection," Lab Chip 10,
1167-1173 (2010).
[47] S. Maruo, 0. Nakamura, and S. Kawata. "Three-dimensional microfabrication with two-
photon-absorbed photopolymerization," Opt. Lett. 22, 132-134, (1997).
[48] S. H. Park, D. Y. Yang, and K. S. Lee, "Two-photon stereolithography for realizing
ultraprecise three-dimensional nano/microdevices", Laser & Photon. Rev. 3, 1-11 (2009).
[49] S.H. Park, S.H. Lee, D.Y. Yang, H. J. Kong, and K. S. Lee, "Subregional slicing method to
increase three-dimensional nanofabrication efficiency in two-photon polymerization," Appl.
Phys. Lett. 71 154108 (2005).
[50] K. S. Lee, R. H. Kim, D. Y. Yang, S. H. Park, "Advances in 3D nano/microfabrication
using two-photon initiated polymerization," Prog. Polym. Sci. 33, 631-681 (2008).
[51] K.-S. Lee, D.-Y. Yang, S. H. Park and R. H. Kim, "Recent developments in the use of two-
photon polymerization in precise 2D and 3D microfabrications," Polym. Adv. Technol. 17, 72-82
(2006).
[52] J.-F. Xing, X.-Z. Dong, W.-Q. Chen, X.-M. Duan, N. Takeyasu, T. Tanaka, and S. Kawata,
"Improving spatial resolution of two-photon microfabrication by using photoinitiator with high
initiating efficiency," Appl. Phys. Lett. 90, 131106 (2007).
[53] A. Ostendorf, B. N. Chichkov, "Two-Photon Polymerization: a new approach to
micromachining," Phot. Spect. 72-80 (2006).
[54] S. Maruo and J. T. Fourkas, "Recent progress in multiphoton micro-fabrication," Laser &
Photon. Rev. 2, 100-111 (2008).
[55] G. Manivannan and J. Fouassier, "Primary process in the photosensitized poly-merization of
cationic monomers," J. Polym. Sci. A. Polym. Chem. 29, 1113-1124 (1991).
[56] Y. Boiko, J. Costa, M. M. Wang, S. Esener, "Cationic two-photon induced polymerization
with high dynamic range," Opt. Exp. 8, 571-584 (2001).
[57] S. Kawata, H. B. Sun, T. Tianaka, and K. Takada, "Finer features for functional
microdevices," Nature 412, 697-698 (2001).
[58] J. Serbin, A. Egbert, A. Ostendorf, and B. N. Chichkov, "Femtosecond laser-induced two-
photon polymerization of inorganic-organic hybrid materials for applications in photonics,"
Opt. Lett. 28, 301-303 (2003).
[59] W. H. Teh, U. Dtirig and U. Drechsler, C. G. Smith, H. J. Gtintherodt, "Effect of low
numerical-aperture femtosecond two-photon absorption on SU-8. resist for ultrahigh-aspect-ratio
microstereolithography," J. Appl. Phys. 97, 054907 (2005).
[60] S. Schlie, A. Ngezahayo, A. Ovsianikov, T. Fabian, H.A. Kolb, H. Haferkamp, B.N.
Chichkov, "Three-dimensional cell growth on structures fabricated from ORMOCER@ by two-
photon polymerization technique," J. Biomat. Appl. 22, 275-287 (2007).
[61] A. Ovsianikov, J. Viertl, B. Chichkov, M. Oubaha, B. MacCraith, I. Sakellari, A.
Giakoumaki, D. Gray, M. Vamvakaki, M. Farsari, and C. Fotakis, "Ultra-Low Shrinkage Hybrid
Photosensitive Material for Two-Photon Polymerization Microfabrication," ACS Nano 2, 2257-
2262 (2008).
[62] A. Ovsianikov, X. Shizhou, M. Farsari, M. Vamvakaki, C. Fotakis, B. N. Chichkov,"
Shrinkage of microstructures produced by two photon polymer-ization of Zr-based hybrid
photosensitive materials," Opt. Express, 17, 2143-2148 (2009).
[63] M. Farsari, A. Ovsianikov, M. Vamvakaki, I. Sakellari, D. Gray, B.N. Chichkov, C. Fotakis,
"Fabrication of three-dimensional photonic crystal structures containing an active nonlinear
optical chromophore," Appl. Phys. A: Mat. Sci. Proc. 93, 11-15 (2008).
[64] B. H. Cumpston, S.P. Ananthavel, S. Barlow, D. L. Dyer, J.E. Ehrlich, L. L. Erskine, A. A.
Heikal, S.M. Kuebler, I.-Y. S.Lee, D. McCord-Maughon, J. Qin, H. RoEckel, M. Rumi, X.-L.
Wu,S. R. Marder, J. W. Perry, " Two-photon polymerization initiators for three dimensional
optical data storage and microfabrication," Nature 398, 4-6 (1999).
[65] M. Malinauskas, A. Zukauskas, V. Purlys, K. Belazaras, A. Momot, D. Paipulas,R. Gadonas,
A. Piskarskas, H. Gilbergs,A.'e Gaidukevi ciute, I.Sakellari, M. Farsari and S. Juodkazis,
"Femtosecond laser polymerization of hybrid/integrated micro-optical elements and their
characterization," J. Opt. 12 124010 -124010 (2010)
[66] K. Takada, H. B. Sun, and S. Kawata, "Improved spatial resolution and surface roughness in
photopolymerization-based laser nanowriting," Appl. Phys. Lett. 86, 071122 (2005).
[67] S. H. Park, R. H. Kim, T.W. Lim, D.Y. Yang, and K.-S. Lee, "Improvement of spatial
resolution in two-photon polymerization using radical quencher," Macromol. Res. 14, 559-564
(2006).
[68] D. Tan, Y. Li, F. Qi, H. Yang, Q. Gong, X. Dong, and X. Duan, "Reduction in feature size
of two-photon polymerization using SCR500," Appl. Phys. Lett. 90, 071106 (2007).
[69] J. F. Xing, X. Z. Dong, W. Q. Chen, X. M. Duan, N. Takeyasu, T. Tanaka, and S. Kawata,
"Improving spatial resolution of two-photon microfabrication by using photoinitiator with high
initiating efficiency," Appl. Phys. Lett. 90, 131106 (2007).
[70] P. Wei, N.Li, and L. Feng , "Two-Photon Polymerization System With Diffractive Super-
resolution Element," IEEE Sens J. 11, 194-198 (2011).
[71] S.H. Park, T.W. Lim, D.Y. Yang, R. H. Kim, K.S. Lee, "Fabrication of a bunch of sub-
30nm nanofibers contained microchannels using photopolymerization via long exposure
technique," Appl. Phys. Lett. 89, 173133 (2006).
[72] S. Juodkazis, V. Mizeikis, K. K. Seet, M. Miwa, H. Misawa, "Two-photon lithography of
nanorods in SU-8 photoresist," Nanotech. 16, 846 (2005).
[73] N. Uppal and P. S. Shiakolas, "Process Sensitivity Analysis and Resolution Prediction for
the Two Photon Polymerization of Micro/Nano Structures," J. Manuf Sci. Eng. 131, 051018
(2009).
[74] M. Malinauskas, A. Zukauskas, G. Bickauskaite, R. Gadonas, S. Juodkazis, "Mechanisms
of three-dimensional structuring of photo-polymers by tightly focussed femtosecond laser
pulses," Opt. Exp. 18, 10209-10221
[75] Jiro Ishihara, Kyoji Komatsu, Okihiro Sugihara, and Toshikuni Kainoa, "Fabrication of
three-dimensional calixarene polymer waveguides using two-photon assisted polymerization,"
Appl Phys. Lett. 90, 033 511 (2007)
[76] H. Luo, Y. Li, H.B. Cui, H. Yang, Q.H. Gong, "Dielectric-loaded surface plasmon-polariton
nanowaveguides fabricated by two-photon poly-merization," Appl. Phys. A. Mat. Sci. and Proc.
97. 709-712, (2009).
[77] V. Osipov, V. Pavelyev, D. Kachalov, A. Zukauskas, B. Chichkov, "Realization of binary
radial diffractive optical elements by two-photon polymerization technique," Opt. Exp. 18,
25808-14 2010).
[78] S. Maruo, "Micro and Nanostereolithography for Production of Lab-on-a-Chip Devices,"
CLEO Balt., USA (2007).
[79] S. Maruo and H. Inoue, "Optically driven micropump produced by three-dimensional two-
photon microfabrication," Appl. Phys. Lett. 89, 144101 (2006);
[80] A. Ovsianikov, A. Doraiswamy, R. Narayan, B.N. Chichkov, "Two-photon polymerization
for fabrication of biomedical devices," Proc. SPIE 6465, 646500-1-9 (2007).
[81] D. Wu , Q.D. Chen , L.G. Niu , J.N. Wang , J. Wang , R. Wang , H. Xia and H.B. Sun,
"Femtosecond laser rapid prototyping of nanoshells and suspending components towards
microfluidic devices," Lab Chip 9, 2391-2394 (2009).
[82] Y. Liu, D. D. Nolte, L. J. Pyrak-Nolte, "Large-format fabrication by two-photon
polymerization in SU-8," Appl. Phys. A 100, 181-191 (2010).
[83] J. Wang, Y. He, H. Xia, L.G. Niu, R. Zhang, Q.D. Chen, Y.L. Zhang, Y.F. Li, S.J. Zeng,
J.H. Qin, B.C. Lin and H.B. Sun, "Embellishment of microfluidic devices via femtosecond laser
micronanofabrication for chip," Lab Chip 10, 1993 - 1996 (2010).
[84] C. Schizas, V. Melissinaki, A. Gaidukeviciute, C. Reinhardt, C. Ohrt, V. Dedoussis, B. N.
Chichkov, C. Fotakis, M. Farsari, D. Karalekas, "On the design and fabrication by two-photon
polymerization of a readily assembled micro-valve," Int. J. of Adv. Manu. Tech. 48, 435-44 1,
(2010).
[85] A. Ovsianikov, S. Schlie, A. Ngezahayo, A. Haverich and B. N. Chichkov, "Two-photon
polymerization technique for microfabrication of CAD-designed 3D scaffolds from
commercially available photosensitive materials," J Tissue Eng. and Regen. Med 1, 443-449
(2007).
[86] P. Tayalia, C.R. Mendonca, T. Baldacchini, D. J. Mooney, E. Mazur, "3D cell-migration
studies using two-photon engineered polymer scaffolds," Adv. Mat. 20, 4494-4498 (2008).
Chapter 2
Introduction to Lab-On-Chip technology
2.1 Introduction to Lab-On-Chip (LOC)
2.1.1 Existing work in LOC
Recent advances in microfabrication technology have enabled the miniaturization of
functionalities of traditional biochemical laboratories with the processing of reagents in micro- or
nanoliter amounts, leading to the term Lab-On-Chip (LOC) [1-7]. LOCs have advantages over
traditional laboratories since they enable high throughput, high sensitivity and rapid analysis
using low reagent volumes. In addition, measurements and processes in LOCs can be easily
automated and standardized.
LOCs have powerful applications in a large variety of studies in biochemistry including drug
development [5], biochemical analysis [6,7], chemical synthesis and molecular processes [8,9],
cellular manipulation [10], as well as environmental monitoring and detection of disease agents
[11,12]. LOCs are typically composed of a microfluidic system containing microchannels and
liquid reservoirs on the size scale of 10 to 100 microns, along integrated active and passive
microfluidic elements. Figure 1 [7] shows an example of an integrated LOC system used for
electrophoretic DNA separation.
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Fig. 1 [7] An example integrated LOC used for electrophoretic DNA separation. The device
contains microchannels for separation and sensing, chambers for storage and reactions,
micropumps and electrodes for fluidic manipulation.
There are three layers in this device: one made of glass, one of PDMS, and one of PMMA. These
layers contain, respectively, microfluidic channels for particle separation and sensing, reagent
chambers for storage and reactions, and micropumps and electrodes for microfluidic
manipulation.
LOC systems are fabricated in polymer, glass, or silicon substrates, and typically consist of a
network of microfluidic channels that transport, mix, separate, and analyze biochemical or
biological samples. Miniaturization expands the capabilities of existing bioassays, separation
technologies, and technology for chemical synthesis. A reduction in volume and size does not
change the nature of molecular reactions, but the laws of scale such as surface to volume ratio,
diffusion and heat transport predict dramatic increases in throughput [4]. Therefore, LOC
development requires understanding of fluidic mechanics on a miniaturized scale since physical
and chemical laws relying on surface to volume ratio, diffusion and heat transport must be
accounted for. For instance, the Reynold's number Re, shown in Equation 1 [13], which
expresses the ratio of inertial to viscous forces, determines the regions of turbulence or laminar
flow. Specific device design is needed to mix fluids in LOC because the Re is typically low and
mixing only results from diffusion. The Stokes number, also shown in Equation 1 [13], is
another important dimensionless parameter which describes the characteristic response time of
the fluid with respect to the response time of particles. For applications where it is important to
control and drive fluid flow and mixing, the scaling of the Stokes number must be understood.
Re = pUdI
St = d/t-* U (
Eq. 1 [13] Definition of Reynolds and Stokes numbers. Re, p, U, d, r/, St, and t* denote Reynold's
number, fluid density, characteristic flow velocity, characteristic microchannel dimension,
dynamic viscosity, Stokes number, and characteristic time scale for a given driving force. All
quantities are dimensionless.
The greater challenge in LOC technology is the fabrication of these devices and the integration
of sensing and control elements. Many fabrication techniques are available for the production of
2D and 3D microfluidic structures, including casting, molding, embossing, and micromachining,
but most LOC devices are simple planar microchips fabricated with traditional photolithography
[7]. Therefore, LOC fabrication usually requires cleanroom facilities and expensive equipment.
Completion of these devices requires complex steps such as bonding, lamination, welding and
dicing. Furthermore, the integration of active and passive elements such as pumps, valves,
mixers, and filters, into the microfluidic channels requires multi-step processing and usually
cannot be performed independently of channel fabrication. As will be presented in Chapter 5,
we demonstrate a fabrication method which overcomes some of these barriers to integration.
2.1.2 Applications of LOC
LOC is used with a large number of fabrication methods and a good range of components,
enabling its application to a large number of functions in different fields. These applications
include high throughput screening in drug development [5], evaluation and synthesis of organic
compounds [8, 9], cellular and molecular separation [7,13-15], and manipulation of multiphase
flow [16-18].
LOC technology appears ideal for chemical synthesis, especially in organic and biomedical
chemistry, but it has seen slow development in this area. One main factor is that LOC have yet
to fully develop the flexibility of conventional synthesis equipment. Secondly, PDMS, the
material most commonly used LOC, is dissolved or swelled by many common organic solvents.
LOC technology, however, has advantages in terms of having unique functional capabilities.
One application which is unique to LOC systems is the manipulation of multiphase flows.
Manipulation of multiphase flow is the generation and manipulation of bubbles, droplets,
dispersed glass or liquid phase in a continuous liquid stream [16,17]. These techniques can
produce polymer particle emulsions and foams, with many applications in organic chemistry, cell
biology and photonics. The capability to manipulate droplets is also a technique useful in
studying fast mixing and reactions [18]. Figure 2 [18] (a) shows the LOC design for generation
of water and oil droplets and (b) a microscope image of the oil and water droplets moving
through a microfluidic channel. Figure 2 (c) [18] shows how chaotic advection mixing inside the
droplet is facilitated by folding and reorienting the two fluids.
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Fig. 2 [18] (a) LOC design for generation of water and oil droplets, (b) a microscope image of
chaotic advection mixing inside oil and water droplets as they move through a microfluidic
channel. (c) Chaotic advection mixing inside the droplet is facilitated by folding and reorienting
the two fluids.
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One important application of LOC is the isolation and trapping of individual particles such as
biological cells for detailed individual analysis [10]. LOCs, especially those fabricated in silicon,
PDMS, and borosilicate glass, are well suited for cellular biology because the size of
microfluidic channels is typically similar with cell dimensions. In addition, the small size of
LOC devices enables locally stable micro-environments which are easy to control. Cell
manipulation techniques include magnetic, optical, mechanical, and electrical manipulation.
LOC can be used to perform cell treatments such as cell lysis, cell fusion, cell poration, and cell
culture. For analysis, processing techniques such as cytometry and cell assays can also be
employed.
On the molecular scale, LOC can be used for manipulation and sorting using hydrodynamic
trapping, switched electroosmotic flow, or capillary electrophoresis (CE) [13,14]. In CE, an
electrical potential is applied along the channel, and based on their charge to size ratio or
dielectric properties, cells or molecules are separated by different migration speeds. The general
equation describing the electrophoretic mobility of a molecule mep in terms of its effective charge
q and size (Stokes radius) Mp is described by Equation 2 [19].
Aq
Mep = Aq
r
Eq. 2 [19] the electrophoretic mobility of mep based on effective charge q. A is a constant. k is
related to the shape of the molecule. Mr is the Stoke's radius.
One specific application is the amplification and analysis of DNA fragments with polymerase
chain reaction (PCR) and CE. DNA molecules are injected into a microfluidic chip, are
amplified, and then separated in a CE channel using electroosmotic flow. Electroosmotic flow is
similar to electrophoretic flow but the fluid is traveling through a porous material. Optical
sensing of arrival times can be performed using an integrated sensing channel. As described
earlier, the integration of PCR, CE separation, as well as fluorescent detection have been
demonstrated on the same LOC system using the layering together of a glass, PDMS and PMMA
chips [7].
Another application of CE in LOC is the separation and analysis of peptides such as amino acids.
Figure 3 [14] (a) shows the layout of a PDMS based LOC for CE separation of a mixture of
FITC labeled amino acids. As shown in Figure 3 (b), fluorescence detection reveals the arrival
times of different components.
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Fig. 3 [14] CE separation of biomolecules using a PDMS based LOC. Separation of FITC labeled
amino acids is performed with CE, and detected using laser-induced fluorescence, showing
different arrival times of its components.
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2.2 Introduction to optofluidic LOC
2.2.1 Introduction
The introduction of integrated optical excitation and detection methods to LOC devices creates a
novel technology which is sometimes termed as optofluidics [20-22]. Optofluidic LOC enables
the performance of biochemical reactions, sensing, mixing and separation on an integrated
photonics and microfluidics platform. Optofluidic LOC expands upon the advantages of
microfluidic LOC by enabling targeted illumination, label-free sensing, and other optical
analysis methods using photonics elements integrated with the chip. Conversely, optofluidic
LOC also provides the capability to tune and reconfigure optical devices by taking advantage of
the unique properties of microfluidics [22].
Optofluidic LOC technology enables the control of integrated optical devices in a number of
ways. For instance, laminar flow can be used to transport molecules or structures with desired
optical properties to targeted locations inside a LOC. There is a large range of index modulation
possible from fluid manipulation and this can be locally induced with microfluidic control.
Liquid-liquid and liquid-air interfaces can act as adaptive optofluidic devices such as mirrors and
lenses. Moreover, the moveable nature of microfluidic elements makes it a changeable part in a
reconfigurable photonic device. The usage of the unique properties of microfluidics has yet to
see full development in optofluidic devices [22].
2.2.2 Sensing in optofluidic LOC
Optical sensing in optofluidic LOC is highly dependent on the quality of available detectors,
especially as device dimensions are reduced. When reagent and analysis volumes become
smaller, the detection volumes are also reduced. Therefore, the two main factors contributing to
detection in efficiency are sensitivity and scalability to small dimensions. In traditional
analytical chemistry, various optical label-free biosensing platforms have been introduced,
including surface plasmon resonance, interferometry, waveguide sensing, fiber sensing, ring
resonators, and photonic crystals [23]. Other detection methods include epifluorescence
detection, excited fluorescence detection, and electrochemical detection (ECD) which is the
measuring of changes based on a solution's electrochemical properties [6,23].
Fluorescence detection is more commonly used in optofluidic LOC detection because of its
superior sensitivity, while ECD scales better with miniaturization [24]. Table 1 [24] shows a
summary of sensitivity limits for label-free optical biosensors for samples of bulk solution,
proteins and bacteria/cells as recorded in 2008.
Tab. 1 [24] A summary of sensitivity limits for traditional label-free biosensors for samples of
bulk solution, proteins and bacteria/cells as recorded in 2008.
Technology Analyte Limit of detection
Surface plasmon Bulk solution 10- to 108 RIU
polariton protein 0.2 nM
bacteria 106 cfu mL'
Interferometry Bulk solution 10 RIU
protein 20 pg mm2
bacteria 25 cfu mL-1
Waveguide Bulk solution 2x107 RIU
protein 0.1 pg mm-
cell 10 cells mm-
Fiber Bulk solution 10' RIU
protein 2 pg mL-1
bacteria 100 cfu mm 2
Photonic Crystal Bulk solution 10- RIU
protein 0.15 ptM
To realize their full potential, it is desirable for optoflulidic LOC to provide limits of detection
comparable with traditional techniques [25]. Optofluidic detection fundamentally requires
interaction between the light source and the sample volume, either through evanescent coupling
or direct coupling. For example, integrated "U" shaped polymer waveguides is a novel way to
detect fluids of different index via evanescent coupling [26]. This method, while effective,
requires a long interaction length where the microfluidic channel is touching the waveguide, and
evanescent waves tend not to penetrate more than a few microns into the sample. Periodic
devices such as Bragg gratings are used to sense refractive index change using the spectral shift
of the resonance wavelength, but these devices also have the drawbacks of evanescent sensing
[27]. In contrast, photonic microresonators can provide relatively good sensitivity with fewer
restrictions on device size [28,29]. Figure 4 [29] shows a pair of microring resonators embedded
inside a microfluidic channel for refractive index sensing.
Fig. 4 [29] Refractive index sensing using the differential between two integrated microrings via
CMOS and microfluidic technology. Only the well of the sensing microring is coated to sense the
analyte.
In the study presented above, evanescent fields are exposed to the analyte by an etched well on
top of the waveguides. Noise from temperature fluctuation is canceled out by the reference
microring. Photonic microrings provide extremely high sensitivity detection with less
restrictions on device size, but still do not enable spatially selective detection.
To be spatially selective, waveguides can be designed to cross a channel at normal angles,
allowing for light to pass directly through the sample volume and be collected at the opposite
side. Examples of spatially selective sensing using a waveguide normally crossing the channel
can be seen in the work performed by our collaborating group in Milan, Italy [30,31]. At lower
limits of detection, systems enabling single particle and single cell detection have been realized
[32,33]. In one study, single red blood cells were sent through laser fabricated microfluidic
channel and detected by observing the index change using passive optical detection with a He-Ne
laser beam and by fluorescence detection using argon laser light [32]. Fluorescence excitation is
delivered to the sample through a femtosecond laser fabricated waveguide. In straight
microfluidic channels of 5 to 40 prm diameter and flow rates up to 0.5 1d/min, the detection limit
was shown to be as low as 23 fluorescent particles per second.
2.2.3 Photonics in Optofluidic LOC
Optofluidic LOC performs the even more challenging task of integrating photonic light sources
onto microfluidic LOCs. Fabry-Perot cavities, Bragg gratings and microring lasers have been
studied in materials such as PDMS, SU-8, thermoplastics and glass. Optofluidic light sources
are a novel way to integrate an optical source into a LOC system [21,22]. Laminar flow
waveguides and dye based lasers can be found in this category. Using fluids to supply optical
gain for optofluidic sources has several advantages over other techniques, namely (1) the gain
medium can be delivered to specific locations in the LOC, (2) bleaching effects can be avoided
by replenishing the active medium, and (3) most importantly, liquid dye lasers are inherently
tunable.
As an example, Figure 5 [34] shows (a) a schematic representation of an optofluidically tunable
photonic crystal waveguide. The device consists of a two level microfluidic LOC bonded to a
planar photonic crystal waveguide. The photonic crystal waveguide has a central row of holes.
By filling these holes with liquids of different index, the device can act as a tunable spectral filter.
Figure 5 (b) shows the transmission data of the photonic crystal waveguide with its central holes
filled with water or CaCl2.
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Fig. 5 [34] (a) a schematic of a two level microfluidic LOC bonded to a planar photonic crystal
device. The photonic crystal device contains a row of central holes. (b) Transmission of the
photonic-crystal waveguide with its central holes filled with water or CaCl2. a is the period of the
photonic crystal.
As an example of reconfigurable light delivery, Figure 6 [35] shows a liquid core waveguide that
can be used to switch the direction of light propagation. A micro fluidically controllable light
source is created by channeling different fluorescent dyes in the waveguide.
Fig. 6 [35] Dynamically controllable light source created by channeling different fluorescent dyes
in a liquid core waveguide. The manipulation of flow rates changes the direction of light
propagation.
With the realization of the above mentioned light sources, filters, sensors and devices,
optofluidic LOC has the potential to follow planar microphotonics in integration capability.
Arrays of waveguides, multiple sensors with different operating ranges and microstructured
fibers could be integrated into the same chip to perform parallel detection and multiplexed
detection at different positions of the same sample [20]. Figure 7 [20] shows an example of an
LOC design with parallel processing enabled by multiple channels and stacked arrays of
microlenses, filters, and optical detectors.
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Fig. 7 [20] An example of a parallel processing optofluidic LOC. Parallel processing is performed
with multiple channels and a stacked arrays of optical elements.
2.3 Femtosecond laser materials processing for LOC
Femtosecond laser materials processing techniques introduced in Chapter 1 are an increasingly
important method for microfluidic and optofluidic LOC fabrication. In addition, they enable
easy integration of sensing and control elements into an existing LOC without altering existing
functionalities. The direct write and 3D capabilities of laser fabrication enables maskless
prototyping without the need for lithography or complex multistep processing. Femtosecond
laser processing in both glass and polymers has had many contributions to LOC development,
particularly in the fabrication of microfluidic channels and functional microfluidic elements [36-
40]. As reviewed in detail in Chapter 1, femtosecond laser materials processing can be used to
fabricate high quality microfluidic channels through simple ablation or the writing of waveguides
followed by chemical etching [36-38]. Femtosecond TPP has assisted in the production of 3D
microfluidic shells, microchannels, and hole structures, as well as a variety of active and passive
devices [39-41].
Femtosecond waveguide fabrication and chemical etching is an ideal technique for the
fabrication of microchannels for optofluidic LOC. Using carefully designed spiral structures,
shape controlled channels and complex microfluidic devices can be structured [37]. Larger
channels can be connected orthogonally by smaller channels, and tapered channels can act as
adaptors between channels of different size. In addition, this technique allows for the fabrication
of channels which act as fiber-to-waveguide adapters for the alignment of input or collection
fibers. Figure 8 (a)-(c) [37] shows some examples of complex microfluidic elements and a fiber-
to-channel adapter.
(C)
Fig. 8 [37] Shaped controlled microfluidic and optofluidic LOC elements (a) Two larger
microchannels connected by a smaller microchannel (b) a fiber-to-waveguide adapter and (c)
tapered channel adapter.
Although optofluidic LOC optical manipulation and analysis has existed for some time, laser
fabrication of optofluidic LOC has yet to be fully developed. In a recent study, microfluidic
channels are fabricated using laser exposure followed by chemical etching, while waveguides are
also written with femtosecond laser processing. Figure 9 [30] illustrates the concept of a
monolithic platform for fabrication of microfluidic channels and waveguides in an optofluidic
LOC using the same femtosecond source. The capability to fabricate a complete optofluidic
LOC using a single femtosecond laser system is a powerful concept.
Fig. 9 [30] Concept of a monolithic platform for fabrication of optofluidic LOC device with
microchannels, waveguides, and fluorescence sensing using femtosecond sources.
More importantly, femtosecond waveguide fabrication can be used to integrate highly sensitive
optical detection devices into commercial LOC. The study illustrated above uses a standard
commercial CE chip which contains an injection channel and a separation channel crossing at
right angles. Femtosecond fabricated waveguides, when coupled to optical fiber, excites
fluorescence in a highly localized region (about only 10 pm) inside the separation channel and
multimode fiber at 900 is used to collect and guide the emission to a detector. Femtosecond
waveguide fabrication adds on-chip optical detection capabilities without affecting the existing
LOC layout or manufacturing. To demonstrate its functionality, fluorescence versus time
electropherograms are used to detect arrival times of 10 and 1 nM dye-labeled oligonucleotides
at the end of the separation channel [30].
Like waveguide fabrication, femtosecond TPP is also promising in the field of optofluidic LOC.
Real-time imaging of TPP fabrication of SU-8 microfluidic device prototypes can be performed
using their florescence signal [39]. A relatively young method called two photon absorption
assisted ablation has been used to fabricate 2D microfluidic circuits in an organic-inorganic
hybrid sol-gel called Ormocomp [42]. Figure 10 [42] shows straight and bent microfluidic
channels and wells fabricated using TPP assisted ablation. An initial scan creates the walls of
the structure and a second scan creates the channel via ablation.
wa,.veguide
Localized excitation 
"rw IIght
of fluorescen~e (IAn
Fig. 10 [42] Microfluidic features fabricated using TPP assisted ablation (a) a reservoir well (b)
reservoir connected to a channel (c) a bent microfluidic channel (d) a T-shaped junction.
Passive elements such as filters and valves are important in optofluidic LOC and LOC devices in
general. Filtering is important in chromatography as well as in various kinds of biological
analysis. Microfilters of polymer walls with built-in 2 pim sized pores and high aspect ratio
walls with pore sizes varying from 3.5 to 6 jims and different shapes along with a fishscale filter
acting as a valve, have all be demonstrated [40,41]. Similar to femtosecond waveguide
fabrication, TPP can be used to add elements to existing LOCs without changing their original
design. However, TPP fabrication technology has yet to reach its full potential in this respect
since many devices still require a custom made LOC [41]. This requires the manufacturer to
have access to all steps of fabrication and be able to perform multi-step processing.
Active elements such as optically manipulated microtweezers and mixers usable in microfluidic
networks have been fabricated using TPP [43,44]. Figure 11 [44] shows a conceptual optofluidic
LOC entirely produced with femtosecond TPP having moving parts which are optically driven
by focused laser points. Figure 11 (b) and (c) show, respectively, a pair of optically manipulated
TPP fabricated tweezers holding a glass bead and TPP fabricated lobed micromotors rotating
inside a microfluidic chamber.
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Fig. 11 [44] (a) A conceptual optofluidic LOCs device (b) a pair of 2PP optically manipulated
tweezers holding a glass bead and (c) micromotors fabricated from 2PP rotating inside a
microfluidic chamber. Liquid flow is observed with the motion of a tracer particle.
As with passive elements, mixers, pumps and valves need to be easily integrable into existing
devices in order for TPP technology to be accessible and popularized in optofluidic LOC
production. Combined with fabrication of polymer photonic elements [45], integration of
optical and microfluidic elements in LOC based on polymer substrates is very promising. Future
devices taking advantage of multiple materials could also include coupled TPP fabricated
polymer waveguides and femtosecond laser fabricated glass waveguides or polymer waveguides
integrated with glass microfluidic channels.
2.4 Conclusions
The miniaturization of traditional biochemical laboratory functionalities is a powerful technology
called Lab-On-Chip (LOC). The combination of integrated photonic and microfluidic
components has led to a class of devices called optofluidic LOC. Here, we review the major
literature on LOC and optofluidic LOC technology, along with the application of femtosecond
laser materials processing to this field. The maskless, 3D and direct write and properties of
femtosecond waveguide writing and femtosecond TPP fabrication make them ideal for
microfluidic chip production and for the integration of passive and active devices onto LOC.
The future holds much promise for the melding of these two technologies.
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Chapter 3
Femtosecond laser waveguide fabrication of directional couplers and Mach-
Zehnder Interferometers (MZI)
3.1 Introduction
Femtosecond laser waveguide fabrication in glass has become an active area of research in recent
years. Since the first demonstration of laser modification of refractive index in glass [1], a
variety of devices such as splitters and coupled mode devices [2-11], interferometers [12-17],
optical storage elements [18], three-dimensional (3D) structures [19,20], active waveguides [21-
23], and void structures [24,25] have been successfully demonstrated. In contrast to conventional
fabrication methods used in the semiconductor industry, femtosecond waveguide fabrication
enables direct, maskless prototyping of 3D structures without the need for clean room facilities
or multiple step processing.
For applications in telecommunications and sensing, it is important to fabricate reliable
directional couplers and Mach-Zehnder Interferometers (MZI). We demonstrate the femtosecond
laser waveguide fabrication of symmetric directional couplers and unbalanced MZI. We perform
an in depth characterization of the spectral characteristics of symmetric directional couplers and
show they can be tailored by controlling the physical parameters of the device. A wavelength
independent 3 dB directional coupler is designed for the wavelength range of 1500 to 1600 nm.
We demonstrate high extinction MZI over the same wavelength range. The spectral data from a
series of unbalanced MZI is used to find the waveguide propagation constant. In addition, the
change in spectral behavior of MZI with different writing speeds in one arm is used to estimate
the dependence of waveguide propagation constant on writing speed. The ability to fabricate
couplers and MZI with good repeatability and flexibility is an important step toward the
production of complex integrated photonic devices for applications in telecommunications and
sensing.
3.2 Experimental methods
3.2.1 Fabrication setup
For reliable femtosecond laser waveguide fabrication, it is necessary to have a high precision
positioning system, a sample material suitable for low loss waveguides, a cost-effective writing
source and optimized fabrication parameters. Figure 1 [26] shows a schematic of the fabrication
setup used in our study.
Glass sample,
immersion oil
1.25 NA Atnao
objective
Ti:Sapphire MPC
laser
Computer control 3 Axis air bearing
stage
Fig. 1 [26] Waveguide fabrication setup. The glass sample is translated using a high precision 3
axis air bearing stage. The source is a novel multiple-pass cavity (MPG) Ti:Sapphire laser,
focused by an oil immersion 1.25 NA objective.
The sample is translated using a high-precision floating 3 axis stage (Aerotech ABL 1100)
controlled using standard CNC code (G code). The XY stages are air-bearing and frictionless
with centimeter scale travel, and the Z stage is a mechanical wedge stage with around 2 mm
travel. The writing source is a novel multiple-pass Cavity (MPC) Ti:sapphire laser and output is
attenuated so the exposure at the sample is 120 to 150 mW to ensure single mode operation [27].
The beam is focused with an oil immersion 100x 1.25 NA objective (Olympus) onto the
substrate. The scan speed is varied between 10 and 20 mm/s and optimal writing speeds are
chosen to ensure single mode operation while keeping losses relatively low.
The sample material is Corning EAGLE 2 0 0 0 display glass. EAGLE2 0 0 0 glass is a LCD display
glass known for its low density (2.3 g/cm 3) and high thermal stability (31.8x10~7/oC CTE).
EAGLE 2 0 0 0 glass yields waveguides with lower insertion loss compared with standard
microscope slide substrates. Desirable telecom band directional couplers have already been
measured from devices fabricated in this substrate [5]. The writing speed is set at 12 mm/s to
enable rapid fabrication of waveguides with relatively low loss (a maximum propagation loss of
~0.7 dB/cm).
Since device geometry needs to be controlled to a high degree of accuracy, the air-bearing stage
from Aerotech is chosen for its high position (10 nm) and velocity accuracy (0.001 mm/s). The
stage is operated using an optical feedback encoder interpolator with a feedback cycle of around
100 kHz. The CNC code which controls the machine is directly compiled on the controller and
fed through the encoder to the stage. CNC code is standard machine code and waveguides are
created using commands for linear and circular motion. The Aerotech computer firmware and
software operates as an equivalent real-time operating system.
Focusing is performed with a 100x 1.25 NA objective and a layer of index matching immersion
oil is spread on the sample. The beam is focused around 500 gm below the surface of the
substrate to ensure waveguides are fully embedded. Since index modification is based on
nonlinear absorption, device writing can be performed at different depths inside the material
without causing collateral damage. However, for the devices discussed in the current study,
fabrication is performed at a constant depth.
3.2.2 Novel multiple pass cavity (MPC) Ti:Sapphire Laser
Because waveguide properties such as mode size and index of refraction are sensitive to
exposure power and scanning speed, it is important to explore the threshold for high speed
femtosecond laser waveguide fabrication. To this end, it is essential to develop specialized laser
sources for meeting the needs of the experiment. In 2003, our group at MIT developed a novel
compact Kerr-lens modelocked (KLM) femtosecond Ti:Sapphire laser based on a novel multiple
pass cavity (MPC), which was used to fabricate devices in this study [26, 27]. Figure 2 [27]
shows the layout of the Ti:Sapphire MPC laser.
M1 M2Li
Pump
Pump Retro-reflector
M3
M6 M M4 OC M5
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M10M M9M1
Multiple-pass cavity (MPC)
Fig. 2 [27] Layout of the MPC Ti:Sapphire laser. Dispersion compensation is provided by coating
on mirrors. Focal length of M8 mirror is 7.5 m and M7 is flat. The distance between mirrors M7
and M8 is 1 m. Ml, M2 are curved mirror which compose the short cavity. OC is the output
coupler.
The MPC laser generates 45 fs duration pulses with 150 nJ of pulse energy. The extended cavity
reduces the laser repetition rate from about 100 MHz to 5.85 MHz, scaling up the output pulse
energy. Unlike kHz repetition rate lasers, MHz range repetition rate lasers create index
modification mainly by cumulative heating, resulting in symmetric waveguide cross-sections and
enabling writing speeds approximately three orders of magnitude faster than possible using
amplified systems [26-28]. Finally, the relatively high energy enables waveguide fabrication to
be performed with fewer constraints on the numerical aperture, giving greater flexibility and
versatility to the writing process.
The short cavity of the MPC is based on a standard X-folded configuration for Ti:Sapphire
lasers, shown in Figure 3 (a) [26]. The arm lengths of the two legs (L1, L2) are asymmetric and
the Kerr-lens sensitivity, a parameter which measures the stability of modelocking, can be
calculated as a function of crystal position and curved mirror separation. Figure 3 (b) shows a
stability map calculated for arm lengths of Lj= 50 cm and L2 =110 cm.
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Fig. 3 (a) [26] Standard X-folded cavity configuration. (b) KLM
curved mirror separation x and crystal position (z). It is calculated
and L2 =110 cm. Dotted areas represent stability regions.
stability map as a function of
for arm lengths of Li= 50 cm
The MPC laser is based on the principle of extending the length of one arm while preserving the
q parameters of the Gaussian beam so that the stability and KLM characteristics of the long
cavity are virtually unchanged from those of the short cavity [26]. This can be satisfied by
examining the ABCD matrix for each unit cell. The unit cell is defined as a propagation distance
d, a lens with focal length f, and another propagation of length d. If the MPC consists of N unit
cells, then the Nth power of the matrix must be 1, as shown in Equation 1 [27,29]. The MPC we
introduce has N=12, M8 focal length of 7.5 m and distance of 1 m between the mirrors. M 1 is
flat and the beam is retroreflected back to the reference position with the q parameter virtually
unchanged. Introducing an MPC scales up pulse energies while maintaining the original
characteristics of the X-folded cavity with no need for expensive and complex amplifier systems.
1 d)[ 1 0]~ 1 d)0 1J -l/1f 1J.0 1J
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Eq. 1 [27, 29]. The MPC ABCD unit cell and condition for being q preserving. N
is the number of passes, d is propagation distance, and f is the focal length of the
curved mirror.
Figure 4 [27] shows (a) the background free second harmonic autocorrelation with a full width
half max (FWHM) of 67 fs, (b) the output spectrum of the MPC laser and (c) the fast photodiode
pulse trace showing 171 ns between pulses.
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Fig. 4 [27] (a) Background free second harmonic autocorrelation with a FWHM of 67 fs. (b) The
output spectrum of the MPC laser and (c) the fast photodiode pulse trace showing 171 ns between
pulses.
The laser spectrum is centered at 788 nm with FWHM of 16.5. The narrow, symmetric sidebands
are Kelly sidebands which result from phase-matching with the soliton continuum. The second
harmonic autocorrelation trace was performed with a 300 pm thick KDP crystal. Using an
assumed secant squared pulse shape, the trace yields a pulse length of 43 fs, close to the
calculated transform limited pulse length of 39 fs. Typical output power noise was less than 5%.
The maximum reported power was 877 mW with pulse energies of 150 nJ. For the waveguide
devices reported here, the throughput of the objective was around 70% and the power was
attenuated to be between 120 mW to 150 mW at the sample.
3.2.3 Characterization of devices
In femtosecond waveguide fabrication, writing speed for lower repetition rate systems can be as
low as 20 pm/s [19], while the upper range for scanning speed is usually 12-20 mm/s [28]. Since
there is a clear correlation between the diameter of waveguides and the writing speed, a suitable
choice for writing speed enables high speed fabrication while maintaining single mode operation
with relatively low loss. Insertion loss and output intensity profiles are measured with a CCD
camera for straight waveguides written with speeds varying between 4 mm/s and 20 mm/s. The
writing speed was set at 12 mm/s for 120 mW to enable rapid fabrication of waveguides with
relatively low loss (a maximum of ~0.7 dB/cm). Approximate mode size was measured by
translating a SMF at the output of the device in micron increments. Single mode operation is
validated by curve-fitting of intensity data to find the FWHM. For 12 mm/s writing speed, the
FWHM of the output mode was observed to be smaller than that of SMF. The waveguide
diameter was estimated to be ~5-6 pim using phase contrast microscopy. Index modification can
be estimated by finite element analysis to back-solve the Helmholtz equation.
To characterize spectral features, light from a tunable laser source (Santec TSL-210, 1500 to
1600 nm) is coupled into the waveguide using SMF. Coupling loss is estimated to be 2-3 dB per
interface. To reduce coupling loss, the ends of the sample are polished to < 3 pim roughness and
index matching oil is applied. Figure 5 shows a diagram of the measurement setup.
Tunable 0Sample Power meter Ch A
laser source
80/20 splitter
Power meter Ch B
Fig. 5 Diagram of the measurement setup. To normalize against loss, signal is taken as the ratio of
Ch A /CH B.
To normalize the output against losses in real-time, a fraction of the power from the tunable laser
source is sent directly to a second power meter, and the measurement is taken as a ratio of the
power at the output of the device (Ch A) with the power measured in the second power meter
(Ch B). Matlab is used to interface between the GPIB control of the tunable laser source and the
digital power meter readout. To reduce instabilities in the tunable laser source, there is a pause of
3 seconds after the initial wavelength tuning to 1500 nm, and 10 measurements are taken at each
wavelength and averaged over. All measurements on each sample are normalized with respect to
a straight waveguide on that particular sample.
For further characterization of waveguide structures, 40x magnification en-face and cross-
sectional microscope images are taken. OCT imaging techniques can be used to generate 3D
images of small changes in index of refraction. Figure 6 [2,20,30] shows (a) the CCD output
intensity profile of a straight waveguide and (b) the microscope image of waveguide cross
section from an earlier study in our group and (c) OCT image of the waveguide cross section
from the earlier study. OCT is a highly sensitive index characterization method, and combined
with novel rapidly tunable narrowband "swept source" Fourier Domain Modelocking (FDML)
laser sources, it has the potential for rapid acquisition of 3D images of index modification [31].
FDML lasers can also be used for measurement of broadband spectral transmission of waveguide
devices.
a) (c)
Fig. 6 [2,20,30] (a)CCD output intensity profile of a straight waveguide and (b) microscope
image of waveguide cross-section from an earlier study in our group and (c) OCT image of
waveguide cross section from that study.
3.3 Broadband directional couplers
3.3.1 Introduction to directional couplers
Coupled mode devices are the building blocks of more complex photonic systems and are of
interest in many applications in telecommunications, integrated electrooptics and sensing. X-
couplers with 1:1 and 16:1 power splitting ratios were fabricated by our group at MIT using a
novel MPC Ti:Sapphire laser oscillator [2]. [1xn] optical splitters can be built from cascaded 1 x
2 splitters [3] or from evanescent coupling of rectangular waveguide lattices [4]. To reduce
losses, various methods such as double scanning of overlapped regions [3] and use of high-
quality glasses [5] have been shown. As described in Chapter 1, femtosecond fabricated
waveguides have several desirable properties in the regime of cumulative heating, and broad
band couplers have been fabricated in this regime [5,6]. To improve fabrication speed and
reduce errors between multiple scans, novel methods such as laser filamentation [7], glass
hologram technology [8] and spatial light modulation have been developed [10].
Among these devices, directional couplers are of particular interest because their mode behavior
is well understood and there is no possibly complex index behavior in overlapped regions. The
theoretical behavior of this type of coupler is well understood. Denoting inputs to the input ports
A0 and B0, and Thru and Cross port outputs as A1 and B1, respectively, the output intensities can
be described by Equation 2.1 [32]. Coupling constant K, as described by Equation 2.2 [32], is
defined as the overlap between the fields Ea and Eb of adjacent waveguides.
AI(z) = A0 1 cos 2 (kz)
B, (z) = B1 sin 2 (kz) (2.1)
K - W Jf(N' - N| )E (x,y)E(x,y)dxdy
(2.2)
Eq. 2 [32] Output intensities as a function of coupling constant and interaction distance. K is the
coupling constant between modes in adjacent waveguides, described by N,, N,, Ea, Eb, which are
waveguide index, substrate index, and electric fields in the waveguides, respectively.
In the following study, we perform a detailed characterization of the spectral behavior of
femtosecond laser fabricated directional couplers in Corning2000 glass and show that (1) the
wavelength characteristics can be tailored for specific needs by controlling the physical
parameters of the devices and (2) it is possible to achieve wavelength independent 3 dB couplers,
a useful building block of complex photonic elements.
3.3.2 Design considerations of directional couplers
The main parameters for directional coupler design are interaction length, waveguide separation
in the interaction region, and bending radius. The optimal design has the interaction separation
minimized to reduce deviations from ideal coupling behavior caused by stage position errors [6].
Since waveguides fabricated with the current setup are estimated to be 5-6 pm in diameter, the
interaction separation was set at 5 ptm. Phase contrast microscopy was used to verify waveguides
were not overlapping. Interaction lengths are varied to find the desired coupling ratio. Bending
loss and wavelength dependent bending loss determine the appropriate choice of bend radius.
Bending loss results both from inherent loss of the mode 'leaking' away from the center of the
bend [33] and from mode mismatch between waveguide segments which are straight and bent.
Experimentally, the bending loss of waveguides is a nonlinear function of bend radii, as shown
in the example in Figure 7 [5]. Above a certain radius threshold, bending losses are well
matched with straight waveguide losses, while below the threshold, bending loss is exponentially
dependent upon bend radius. Bending loss is also greater when wavelength increases from 1310
to 1550 nm.
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Fig. 7 [5] Bending loss of waveguides as a nonlinear function of bend radii. Bending loss is also
greater when wavelength increases from 1310 to 1550 nm.
It is important to understand how the loss due to bending in the waveguide is wavelength
dependent. It is intuitive that longer wavelengths see a sharper bend and therefore experience
more loss. Theoretically, confinement is dependent on index contrast and the attenuation
constant a has an exponential dependence on wavelength, as shown in Equations 3.1 and 3.2
[33]. Waveguide mode is modeled as 'F(u,v) with amplitude F(u), propagation constant , and
propagation distance v = R 0.
a E exp 4 R2n3 (3
(_ A (3.1)
'P(u,v) [ F(u)exp[i(p + ia)v]= F(u)exp[i(# + ia)R 0] (3.2)
Eq. 3 [33]. (1)The attenuation constant a as function of bend radius R, index n, index contrast 5
and wavelength. (2) Modeling P(u,v) as the mode described by amplitude F(u), propagation P, and
propagation distance v = R 0.
In the experimental results from waveguides in this study, wavelength dependence of bending
loss can be significant for radii smaller than 60 mm and causes a monotonic decrease in power.
Earlier studies performed in the group have shown that the wavelength data of the propagation
and bending loss through an s-shaped bend with relatively small radius of curvature (about 24
mm) can be as high as 80%.
Choosing smaller radius of curvature enables the making of devices with very short interaction
lengths, but the wavelength dependent behavior of the bends makes the coupler characteristics
nonideal. Therefore, the radius of curvature must be carefully optimized. Recently, it has been
shown that fabrication in novel materials, such as porous glass, can produce smaller bend radii
with reasonable loss since waveguides have higher index contrast [34].
The directional couplers in this study were designed to have straight segments connected by s-
shaped curves consisting of two circular pieces placed adjacent to each other. Figure 8 [30]
shows a schematic of the symmetric directional coupler.
Pin (Ao) R Thru(A,)
RA
S
Cross(B,)
int L
Fig. 8 [30] Schematic of symmetric directional coupler. X symbols mark the centers of the arcs
which create the s curve. The small arrows indicate the size of the radii. The interaction region
separation is 5 tm and the interaction length, defined by the length of the straight waveguides Li
was varied from 0 to 14 mm. The radii of curvatures are 86 mm.
For this coupler, the interaction region separation is 5 ptm and the interaction length, defined by
the length of the straight waveguides Lint, was varied from 0 to 14 mm. The radius of curvature is
optimized at 86 mm. Because there can be coupling between the waveguides outside of the
region of 5 pm separation, the finite bend radius results in a longer interaction region than Lint.
Thus, it is necessary to define an effective interaction length described by the total region where
there is non-negligible coupling between the waveguides. As discussed above, the s- shaped
bends also result in a wavelength dependent loss, but with higher writing power and careful
design it is possible to reduce the wavelength dependent loss.
To enable the building of more complex photonic elements such as interferometers, it is ideal to
obtain couplers which act as wavelength independent splitters. The most important consideration
in the design is that K, the coupling constant, should vary as little as possible across the desired
wavelength range, which in this case is 100 nm. This can be accomplished by fabricating
waveguides at higher power while ensuring single mode operation. In this way, modes are larger
in size and the relative change in the mode shape in the overlap region is small. Also, the
waveguides are also placed as close together as possible without overlapping [6]. The second
major consideration is using the shortest possible interaction length to achieve 3 dB coupling.
This minimizes the value of the argument Kz in Equation 2.1 , placing the device in the linear
regime of the sinusoidal coupling dependence. Note that z is defined by the effective interaction
length as described earlier. (Our data shows waveguides with distances of 100 Im between them
have negligible coupling. With larger radii, there is less wavelength dependent bending loss;
however, there is increased effective coupling length.)
3.3.3 Spectral characteristics of directional couplers
To characterize the femtosecond waveguide fabricated directional couplers, light from a tunable
source from 1500 to 1600 nm was butt-coupled using SMF to the polished sample. Figure 9 [30]
shows Thru and Cross port coupling ratios as well as theoretical fits from directional couplers
fabricated using 1.25 NA, 120 mW, and 12 mm/s. Lit shown are (a) 5 mm and (b) 14 mm.
Output power is normalized with respect to power in a straight waveguide on the same sample.
11 (b)
0000 0 Thru 0 Thru
00.8 000 Cross 0.8 , , Cross
00000 0). 0*0000000
cc0.6- 00 c,,, 0.6 0o 0 0
o . * 0 0000 , . 00
o=0 0 0U0.4.o- 00.4 - *
* * *00 00 *o o -
0 0.2- ,U* * 0.2- ***0+
1100 1520 1540 1560 1580 1600 1900 1520 1540 1560 1580 1600Wavelength (nm) Wavelength (nm)
Fig. 9 [30] Thru and Cross port coupling ratios from directional couplers with interaction lengths
of (a) 5 mm and (b) 14 mm. Output power is normalized with respect to power in a straight
waveguide on the same sample.
As expected, coupling ratios have less variation across the 100 nm spectrum for shorter
interaction lengths and vary sinusoidally for long interaction lengths. This is consistent with the
theory presented in 3.3.1. Although the amount of variation in K remains constant across the 100
nm bandwidth, the longer interaction length shows greater variation in spectral behavior because
the parameter Kz varies more for longer interaction lengths. The variability in spectral
characteristics means shorter interaction lengths can be chosen to give wavelength independent
behavior when desired, and longer interaction lengths can be used to tailor the wavelength
characteristics. The contrast ratio is high, but it does not reach 1 due to a finite mismatch in
propagation constants, possibly from adjacent waveguides not being identical in size or errors in
depth (z) position between waveguides.
To enable the building of more complex photonic elements such as MZI, it is ideal to obtain
couplers which act as wavelength independent splitters. To this end, directional couplers are
designed with small interaction separation and short interaction length. Couplers were fabricated
with 86 mm radius of curvature and 0.15 mm It. Figure 10 [30] shows the spectral
characteristics of the directional coupler.
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Fig. 10 [30] Spectral characteristics of relatively wavelength independent 3 dB coupler.
The normalized coupling ratio is taken as the ratio between the Thru or Cross port intensity
output with the sum of powers in both ports divided by losses in a straight waveguide. Although
the Thru and Cross ports have close to 1:1 coupling ratios at all wavelengths, there is still a finite
variation in the absolute transmitted powers (about 3% in the Thru port and 6% in the Cross port).
This may be further improved by fabricating waveguides with more power to create larger modes
and a less sensitive coupling constant.
3.4 Broadband MZI for the study of waveguide propagation constant
3.4.1 Introduction to MZI and design considerations
The demonstration of femtosecond waveguide fabrication of 3 dB directional couplers enables
the building of more complex devices. In particular, Mach-Zehnder interferometers (MZI) are of
interest in telecommunications, electrooptics and sensing applications. Femtosecond laser
waveguide fabrication of MZI in glass materials has seen important developments, but their
properties can be further utilized [12-17]. Here, we report on the femtosecond laser waveguide
fabrication of broadband MZI centered at the telecommunications wavelength of 1550 nm. We
present their application for characterization of waveguide propagation constant and its
dependence on writing parameters.
MZIs are composed of two couplers or splitters connected by optical paths of equal or unequal
lengths. The earliest work on femtosecond laser waveguide fabricated MZI consisted of two
back-to-back X-couplers with an optimized crossing angle [2]. The path length difference was
designed to be 10 ptm and the device exhibited wavelength dependent filtering. The spectral
characteristics of this device, normalized with respect to the input spectrum, shows clear
interferometric fringes corresponding to a path length difference of 9.3 ptm, in close agreement
with theory. In 2003, another study demonstrated the femtosecond laser waveguide fabrication
and characterization of a more advanced MZI [13]. The device, provided by Translume, Inc.,
Ann Arbor, MI, was an unequal pathlength MZI consisting of two 3 dB directional couplers.
This design has no sharp bends and is made entirely from curved waveguides. The path length
unbalance between the two arms was approximately 0.6 mm, corresponding to a spectral
periodicity of about 0.7 nm at a wavelength of 778 nm. With devices like this, it has been shown
that spectral transmission can be tuned after initial fabrication with additional exposure, a
process called "trimming" [13,14]. Trimming can be used to tune the optical path length
difference and to change the waveguide's cross-section to correct for polarization-dependent
behavior. Figure 11 [13,14] shows an example output spectral characteristic from the MZI with
0.6 mm pathlength unbalance and the progressive changing of its spectral transmission with
"trimming."
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Fig. 11 [13,14] shows an example output spectral transmission from the MZI with 0.6 mm
pathlength unbalance and the progressive changing of its spectral pattern by "trimming."
"Trimming" has limitations since increased exposure is expected to eventually lead to changes in
the waveguide size and profile, with the possibility of crossing the threshold into multimode
operation as well as increasing loss. The "trimming" technique has not been demonstrated for
changing the spectral transmission of a MZI by more than a few nanometers, possibly due to
these restrictions.
The theory of unbalanced MZIs can be described using standard propagation techniques [32].
Referring to Figure 12, the upper and lower arms are labeled A and B, respectively. We consider
the case where only the top input, Ao is nonzero.
Pin(AO) Thru(A l) Thru(A2) Thru(A3)
RR
Cross(B,) L Cross(B2)
Fig. 12 Example layout of a MZI. The fields in the upper and lower arms are labeled A and B,
respectively. The top input is A0, fields after the first coupler are A& B2, before the second coupler
are A2, B2, and after the second coupler are A3 and B3.
This model assumes waveguides constructing the two arms are identical, i.e. there is no
propagation constant mismatch. The two outputs from the first coupler are propagated through
the top and bottom arms, then pass through the second directional coupler, which is also assumed
to be a 3 dB coupler. The resulting fields in the two arms can be represented by sinusoidal
functions with the difference in phase shift split between them, shown in Equation 4.1 [32]. The
optical intensity (the absolute value of the field squared) oscillates sinusoidally as a function of
the phase difference as shown in Equation 4.2 [32].
. .. ....... .... ........ ...... ....... ..... . ..............
A 3 = -jA sin "'jexp jfL + j j
B 3 = -jA 0 cos exp jpL + (4.1
A 2= Ao 2sin2 2
B3 = Ao2 0s 2
(4.2)
Eq. 4.1 [32] Output electric fields and 4.2 output intensities from an unbalanced MZI obtained by
the propagation method.
With change in wavelength, the output intensity is expected to oscillate as a result of the
variation of q experienced by difference wavelengths. The period of the oscillation is determined
by the value of the unbalance dL. With no unbalance, q is zero and the output power is unity for
all wavelengths. If the couplers are not perfectly 3 dB, time reversal symmetry states that there
is change in the contrast ratio but no change in the positions of the minima [35], meaning
relevant spectral phase data are still valid even if directional couplers are not perfection 3 dB.
Although several groups have demonstrated the femtosecond laser waveguide fabrication of MZI
as well as their functionality [12-17], it has not been shown that these devices can function over
large wavelength ranges. In addition, while there have been many studies on the index change
and relative size of waveguide cross sections, there has yet to be a comprehensive
characterization of the propagation constant.
In this study we demonstrate (1) a telecom band MZI which operates over a large wavelength
range of 100 nm and (2) the measurement of the spectral transmission of MZI with different path
length unbalance to characterize the propagation constant of femtosecond laser fabricated
waveguides.
3.4.2 MZI with different path length unbalance
Femtosecond laser fabricated MZI are designed with layout shown earlier in Figure 12 and
varying amounts of path length unbalance dL. To reduce unbalanced loss, both arms were
fabricated with the same radius of curvature. Figure 13 [30] shows normalized Thru port output
powers from MZI with dL of 17.8, 29 and 43 pm.
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unbalance. There is high extinction ratio but there is nonideal behavior from wavelength
dependent loss and waveguide nonuniformity. Power is normalized with respect to output from a
straight waveguide in the same sample but this does not take into account all losses.
Since the path length unbalance is known, a theoretical fit can be performed to estimate the
propagation constant. Deviations from ideal behavior can be attributed to errors in actual path
length unbalance dL and residual phase differences from variations in exposure or writing speed
which are not accounted for. The index change, estimated from the output mode profile and
waveguide size from a 2D) mode solver, is An=3x10-3 refractive index units (RIU). From the
theoretical fit, the propagation constant for waveguides written with 120 mW at 12 mm/s is
estimated to be 0=5.8 X106 0O.1x106 m~1 at 1550 nm, and this is consistent with the index change.
3.4.3 Unbalanced MZI for sensing changes in propagation constant
MZI can be used to detect properties such as nonuniform temperature, index of refraction and
mechanical strain. A change in one of these properties can change the relative optical path length
between the two arms, causing a change in the spectral tramsmission. This effect can be
measured either as a change in the output intensity in one arm or as a change in the period or
phase of the spectral transmission.
Optical waveguide MZI in polymers have been used in temperature and gage pressure
measurements [36-38] A 2D surface waveguide MZI gauge built in a glass substrate has been
shown to have sinusoidal output as a function of applied pressure in one arm, with sensitivity of
0.053 rad/kPa [39]. 3D MZI fabricated in glass Lab-On-Chip devices can detect index change of
liquids with a sensitivity of 104 RIU, and are being developed to perform label-free detection of
molecules passing through a microfluidic channel [17].
In 2005, a study reported on the fabrication of MZI in amorphous silica in a temperature sensing
application [16] where a balanced MZI consisting of two Y splitters connected by straight
waveguides was tested for temperature dependent output. Time evolution of output intensity
suggests progressive heating of one arm over time, but a high sensitivity is expected to be
necessary for detection of temperature changes on the scale of a degree. The sensitivity of MZI
is also a useful tool for electrooptic (EO) modulation. Because MZI can sense changes in EO of
the glass, an applied voltage can be used to change its transmission. Because of the low
electrooptic response of fused silica, however, there has yet to be a successful MZI EO
modulator displaying full unity to zero switching [15].
The sensitivity of unbalanced MZIs can be exploited to perform characterization of the change in
the propagation constant of femtosecond laser fabricated waveguides as a function of writing
parameters such as writing speed and exposure power. Figure 14 [30] (a) shows the schematic
of the MZI which was designed for measuring changes in propagation constant.
Pin(Ao) Thru(A3)
R
R
SCross(B 3 )
L
Fig. 14 [30] Schematic of MZI designed to measure changes in propagation constant. The straight
portion of the second arm (patterned) is written with a different speed, speed2.
Quite simply, a MZI with the identical design as the device in section 3.4.2 is written with a
different speed (speed2) in the straight portion of the bottom arm, which has a length of L=2
mm. The rest of the device has the standard writing speed of 12 mm/s and the path length
unbalance is fixed at dL = 17.8 pm. To reduce unbalanced loss, both arms were fabricated with
the same radius of curvature. The change in propagation constant in the perturbed waveguide is
expected to result in a change in the spectral transmission of the Thru port intensity when
measured using a tunable source.
A smooth velocity transition is made using the air-bearing stage to connect the waveguides
written at the reference speed of 12 mm/s and the section written at speed2. Straight waveguides
written at speed2 are fabricated and analyzed separately to ensure they are still single mode. A
change in writing speed results in a change in propagation constant, observed as a phase shift of
the periodic spectral transmission. For small changes, this shift is expected to be linear. Equation
5.1 and 5.2 [30] show the shift in spectral pattern and calculation for change in propagation
constant ay from a shift AA in the spectral transmission.
A 1 2 = -A 2 i 2 p8dL A2 i n 2|A1|~ ~ =|2 m+Ap=A|
2rcA>A
- ~- = -18.5(AA.m~)
ApdL
(5.1)
(5.2)
Eq. 5.1 and 5.2 [30] (1) Shift in spectral pattern and (2) calculation for change in propagation
constant 8p3 from a shift in the spectral pattern.
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Because there is some variability in the data between identical devices, MZI at each speed2
parameter were fabricated four times. Figure 16 [30] shows the estimated a,8 at 1550 nm as a
function of the writing speed in the perturbed section of the second arm. For reference, the
propagation constant change is set to zero for the device with speed2=12 mm/s. Because
multiple sets of spectral transmission data were taken, each point has a variance as shown. As
expected, a change in writing speed produces a change in propagation constant, which can be
observed as a phase shift of the periodic spectral transmission.
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Fig. 16 [30] Estimated change in p from MZI with identical dL of 17.8 ptm and speed2 varying
from 12 mm/s to 10.5 mm/s. For reference, 0 is the average fj for 12 mm/s. Each device was
fabricated four times. The solid black line is the moving average.
To make a statistically significant calculation in the change of propagation constant with writing
speed, the variance in the spectral phase of MZI with identical structures must be small enough
to provide a reliable comparison between those with different speed2. In other words, the
variance must be small compared to the average change from each group of data to the next.
Errors in stage position and writing speed play a relatively small role in the error of the
measurement. However, waveguide properties are heavily dependent upon the writing power.
Since the laser power fluctuates up to 5 mW at 120 mW writing power, there was variation
between devices which were meant to be identical. To control this error, the laser was operated at
the optimal position, and a feed forward power stabilization scheme was implemented by Dr.
Jung-Ho Chung using a three parameter computer program and an acoustooptic modulator
(AOM). Figure 17 [30] shows the schematic of the power control setup.
Feed-forward
Glass sample,
immersion oil 1.25 NA
objective Beam splitter
-AOM Ti:Sapphire
MPC laser
Labview control 3 Axis air bearing
stage Power meter
Fig. 17 [30] Schematic of Labview controlled laser power stabilization scheme using a feed forward
algorithm implemented with an AOM.
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A small fraction of the laser power is split off using a polarization sensitive beam splitter and
measured using a fast germanium detector, then fed into a Labview computer program via GPIB.
A feed forward algorithm is used to control the AOM through GPIB and creates dynamic loss in
the beam. The power fluctuation was reduced from 5 mW to 2 mW. This technique is effective
if fluctuations are within the linear operation of the AOM, namely when they are small and have
the time scale of a few seconds. The disadvantage is that the AOM adds dispersion and loss to
the system, changing the pulse length and exposure significantly. It can be difficult to produce
favorable devices since there way not be enough power after the AOM for the fabrication of
standard waveguides in this study.
Preliminary studies on mechanical pressure and temperature sensitivity of the MZI fabricated
using the current setup have been performed. With the application of mechanical pressure, there
is an observed change in overall intensity output in both ports. However, there is no definitive
change in spectral transmission. This suggests that it is necessary to apply an isolated point strain
which is precise enough to create a wavelength scale path length difference between two arms
without affecting the input/output coupling ratios. Preliminary results also show a clear and
significant response to temperature. By attaching a heated resistor, the temperature of both arms
of the MZ interferometer was heated by about 20'C. There is a clear response in the spectral
transmission. However, since the arms of the device are close together, it is difficult to create a
large temperature difference between them. A calculation of the relative change in optical path
length using the thermal properties of EAGLE20 0 glass shows a high amount of spectral phase
sensitivity is necessary to detect temperature changes of less than 1C. Since heating of the
substrate is usually performed over 10 to 30 seconds, one can use change in the spectral
transmission of the MZI to characterize the dynamics of thermal diffusion. This measurement is
limited by the finite data acquisition time of the spectral measurement, and once again, a broad
band wavelength source whose output spectra can be recorded in time scales of 1 second would
greatly enhance its feasibility.
3.5 Future work
Because repeatability remains an issue in femtosecond waveguide fabrication, especially in
studies of propagation constant, future work includes further improvement on laser power
stability schemes and stage accuracy. Since waveguide size has shown to be nonlinearly
dependent on fabrication power, and the additional of components such as AOM to introduce
loss can change the pulse length, variations will result when devices are fabricated under
different conditions. Careful planing is necessary to precisely control beam size, writing power,
writing speed and pulse length. With increased control and documentation, it should be possible
to repeatedly fabricate directional couplers and MZI with nearly identical characteristics. In
addition, changes can also be made to device layout to enable better repeatability. The
interaction waveguide separation in couplers and spectral transmission of MZI can be both be
optimized for minimal error.
A further study on femtosecond waveguide fabricated MZI can include exploring a larger range
of writing speeds, illuminating the single mode cutoff region. The dependence of propagation
constant on writing power should be also investigated. From previous experiments, it has been
seen that changes in power of 10% can have large effects on waveguide properties. Using a
computer controlled AOM to introduce a change in writing power in the perturbed arm can be
implemented with synchronization of Labview and Aerotech's onboard circuitry. Since the
change in propagation constant is expected to be consistent across a straight waveguide, studies
can be performed to confirm whether the shift in spectral transmission is linearly dependent upon
the length L over which the perturbed writing condition is specified. Further studies in sensing
can be performed once waveguide characteristics are fully understood.
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Chapter 4
Femtosecond fabrication of Mach-Zehnder Interferometers for label-free
Lab-On-Chip (LOC) sensing
4.1 Introduction
4.1.1 Existing work in optical sensing for LOC
As reviewed in Chapter 2, the miniaturization of biochemical functionalities, called lab-on-chip
(LOC), is a rapidly developing technology which has many advantageous over the traditional
biochemical laboratory [1,2]. Although many advancements have been made, one major
challenge in the implementation of microfluidic and optofluidic LOC is the integration of
efficient detection and analysis systems [3]. Among existing techniques, optical sensing is
commonly used because it does not suffer from electromagnetic interference noise, enables
noncontact sensing, and provides multiplexed detection [3-5]. Traditionally, optical sensing is
performed using benchtop equipment such as mirrors, prisms, lenses and microscope objectives.
These setups can provide high sensitivity but require accurate mechanical and optical alignment
with the microfluidic elements and are vulnerable to noise from mechanical vibration and drift.
Furthermore, the employment of massive benchtop instrumentation undermines many
advantages of the LOC approach. Device portability is strongly limited, hampering field use and
point-of-care applications. It is critical to address this issue because much of the commercial
success of LOC technology depends on the ability to successfully integrate optical detection
schemes.
The most commonly used signals in LOC optical sensing are fluorescence intensity and
refractive index change. Fluorescence detection, because it is background free, enables the
highest sensitivity, down to single molecules for off-chip designs [6] and down to 1 Os of pM for
integrated designs [7]. However, fluorescence detection suffers from laborious labeling processes
which may interfere with the functions of biomolecules or cells or hamper on-chip chemical
reactions. Refractive index measurement, in contrast, enables label-free sensing and detection of
the analyte without altering its biochemical properties. This is particularly useful for monitoring
the kinetics of transient processes since it does not interfere with the rate of biochemical
reactions.
Many devices have been designed to integrate optical detection into LOC, including liquid-core
waveguides [8], photonic waveguides [9-11], interferometric devices [12,13], Bragg grating
waveguides [14,15] integrated detector arrays [16,17] and ring resonators [18,19]. Integrated
photonic waveguide sensing has many advantages over standard free-space detection systems,
including easy alignment, portability and reduced size, reduced cost and device simplification.
The combined functionalities of photonics and microfluidics on a single chip has given rise to
the name "optofluidics" [20,2 1] .
In current methods of fabrication, the design of the photonic devices must be carefully planned
before the fabrication of the chip, and steps must be taken to ensure proper alignment of photonic
and microfluidic elements. This means that most fabrication technologies would require more
complex design steps and vertical integration. Table 1 [4] shows a comparison of different
fabrication methods and detection performance for integrated photonic elements in LOC. RIU
stands for refractive index unit.
Tab. 1 [4] Comparison of various methods for integration of photonic elements to microfluidic LOC.
Study Detection Fabrication method LOD Advantages
scheme
Yan 2009 Evanescence Low cost CMOS 20% modulation Low LOD, low
[17] w/ integrated technology, per nm, temp dependence,
detector array Nanofilm deposition organic film portable
of analyte
Martinez Fluorescence Laser waveguide 40 pM Direct fabrication,
2009 [26] intensity fabrication chromophores Low LOD
Maselli Bragg grating Laser waveguide ~1.2x 10- RIU Direct fabrication,
2009 [15] evanescent fabrication, chemical 3D sensing
sensing etching
Wright Ring resonator CMOS technology 1.4x 106 RIU Highly sensitive
2010 [18] differential readout
In the field specific to photonic devices for refractive index sensing, devices can be fabricated by
various techniques, including standard photolithography, plasma vapor deposition, reactive ion
etching and liquid core waveguide technology. Most current technologies, however, are only
capable of producing 2D photonic devices. Furthermore, these devices exploit the interaction
between the evanescent field of the guided mode and the liquid analyte, requiring long
interaction lengths (mm to cm) in order to achieve a low LOD [4]. In microfluidic LOC
applications, such as separation by capillary electrophoresis (CE) or counting in cell flow
cytometry, where spatially selective and label-free sensing is preferable, alternative methods are
necessary. Furthermore, spatially selective refractive index sensing is important for multiple
point sensing designs in applications such as monitoring particles' time of arrival in CE and
reaction kinetics in biochemical microreactors.
The novel technique of femtosecond laser waveguide fabrication exploits the refractive index
modification induced by focused femtosecond pulses as reviewed in Chapter 1 [22-24]. This
technology offers many advantages over traditional techniques for the integration of photonic
devices into microfluidic LOC. These include (1) direct, maskless processing enabling one step
fabrication of complex photonic devices by simply translating the sample with respect to the
laser focus (2) three-dimensional (3D) capabilities with fabrication at arbitrary writing depth, and
(3) integration of photonic elements into existing LOC without modifying existing microfluidic
elements. These combined advantages makes femtosecond laser waveguide fabrication highly
suitable for integration of photonic devices into LOC, allowing for compact layout, rapid
processing and large degrees of freedom in geometric design [25, 26]. In addition, this is a
powerful technique for the upgrade of existing LOC whose microfluidic functionalities have
been independently optimized [26, 27]. As reviewed in Chapter 2, the related technology of
femtosecond laser exposure and chemical etching can be used to create buried microfluidic
channels for LOC [28-31]. Combined together, femtosecond laser waveguide fabrication and
femtosecond microfluidic channel fabrication have the potential to become a powerful
monolithic platform for the fabrication of integrated optofluidic LOC devices [24-31].
4.1.2 Femtosecond waveguide fabrication for LOC sensing
Femtosecond waveguide and microfluidic channel fabrication offer many advantages over
traditional techniques for the integration of photonic devices into microfluidic LOC. Combined
together, these two techniques have the potential to become a powerful monolithic platform for
the fabrication of optofluidic LOC devices [24-32]. The same laser source can be used for both
microfluidic channel and waveguide fabrication, which lowers costs and simplifies the
fabrication process.
The integration of photonic devices into microfluidic LOC involves many complexities. A local
modification of the refractive index of the sample material produces waveguides which must be
aligned precisely with the desired microfluidic element. Losses and scattering through the
microfluidic interface must be reasonably small and the device should be relatively compact. As
such, there are a number of design issues which must be addressed. Here, we review several
different devices and geometries and compare their advantages and disadvantages from the point
of view of their geometric and optical design.
Femtosecond fabricated microfluidic channels and Bragg gratings have already been shown to
be effective for evanescent sensing of refractive index [15]. In this study, laser polarization and
exposure conditions were manipulated to inhibit HF etching of the Bragg gratings and thereby
facilitate close (<2 pim) placement of the waveguides parallel to the microfluidic channels. The
Bragg grating devices show high refractive index sensitivity but suffer from all the drawbacks of
evanescent sensing. For instance, the probing waveguide must be curved to avoid reflections
from the beginning and ends of the microfluidic channel. There is spectral broadening and
increased loss when the grating waveguide is placed close to the microfluidic channel due to wall
roughness and gap nonuniformity.
Another significant study performed recently was the femtosecond fabrication of straight
waveguides normally intersecting a commercial microfluidic channel for fluorescence detection
and time sensitive capillary electrophoresis (CE) detection [26]. Figure 1 [26] shows (a) a
schematic of the detection setup (b) the fluorescence signal of a waveguide intersecting a
microfluidic channel filled with Rhodamine G fluorescent dye, and (c) the spatially selective
time of arrival signal of a moving CE separated plug measured by change in transmission
intensity. Inset is a signal near the LOD of 1 nM.
20
18
S14
S12
Lenses 8 10 2
filters 45 50 55 60 65 70
-2
0 20 40 60 80 100 120 140
PMT Migration time (s)
Fig. 1 (a) [26] schematic of the detection setup (b) The fluorescence signal of a waveguide
normally intersecting a microfluidic channel filled with Rhodamine G and (c) signal of a plug of
10 nM concentration separated by CE. Inset is a signal near the LOD of 1 nM. Fluorescence from
the optically excited volume is collected by at high NA fiber at 90' angle. The microfluidic
channels are coated to enable CE. of Cy3-labelled oligonucleotides.
CE is particularly well-suited for LOC integration because electrophoretic flow can be used to
move and mix liquids, avoiding the need for integrated pumps and valves. Electrophoretic flow
is enabled when an electrical potential is applied along a microfluidic channel and biomolecules
or particles move at different rates in response to it. Different biomolecules or particles have
different arrival times in the separation channel depending on their charge to size ratio.
Analytically, particles flow rates u(yt) can be modeled by Equation 1 [33].
E 0u(, ) = p 7
Eq. 1 [33] Particles are separated by their electrophoretic flow rates pe(yt) where E is the
electric field, .2 is the dielectric constant, q is the dynamic viscosity, 4;, is a constant associated
with the channel, and p is a proportionality constant which depends on the particle's physical
and dielectric properties.
Spatially selective label-free detection is useful in CE since the peaks of each signal indicates the
times of arrival of each species and the intensity of the signals reflects the different amounts of
each component. A more detailed illustration of CE with spatially selective sensing is shown in
Fig. 2 [27].
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Fig. 2 [27] Schematic of spatially sensitive detection in a CE experiment.
Here, we present the femtosecond waveguide fabrication integration of optofluidic LOC in fused
silica enabling label-free and spatially resolved sensing in a microfluidic channel with a 3D tilted
geometry Mach-Zehnder Interferometer (MZI) [27]. The MZI is integrated with a microfluidic
channel fabricated by femtosecond laser technology in a homemade and a commercial CE LOC.
The MZI has a unique tilted geometry made possible by the 3D capabilities of femtosecond laser
waveguide fabrication. We characterize the MZI's sensitivity to refractive index by observing
its spectral fringe shift with different concentrations of aqueous glucose-D and a peptide name
Fmoc-Pro-OH and demonstrate its time dependent sensing capability.
4.2 Experimental methods
4.2.1 3D MZI design
We demonstrate femtosecond fabrication integration of MZI into both a homemade and
commercial LOC. For fabricagulcosetion of a homemade LOC, straight microfluidic channels of
up to 2 mm length of about 60 pim diameter with 100 ptm diameter access holes are fabricated in
a fused silica substrate (Foctek, China) using a femtosecond Ti:Sapphire laser and HF etching.
Then, straight waveguides, Y splitters and MZI are fabricated with laser exposure using a cavity-
dumped Yb:KYW laser. Straight waveguides are used to measure basic parameters such as
depth (z) offset for correct alignment with the microfluidic channel, microfluidic channel
induced loss, and shutter parameters. Following this, Y splitters were made with one arm
crossing the microfluidic channel. The specialized tilted MZI geometry is used to intersect the
microfluidic channel with one arm. The waveguide which is buried deeper inside the substrate is
expected to have a different propagation constant than the one which is shallower, so Y splitters
are fabricated at various angles to understand the effect of tilting angle on the MZI contrast ratio.
For the demonstration of laser waveguide fabrication of MZI in a commercial chip, we chose
Lionix by's cross channel CE chip, produced in fused silica substrate. The layout of the chip and
position of MZI devices is shown in Figure 3 [34].
64 mm
EI
Fig. 3 [34] Layout of the cross channel CE chip from Lionix by. Two microfluidic channels are
crossed according to si r p scheme and microfluidi cannels ar folded in
order to minimize the footprint of the device. Since in CE the optical detection is performed at
the end of the separation channel, MZI are fabricated in the shaded region
Lionix by fabricates the microfluidic channels in a fused silica substrate using photolithography
followed by wet etching. Microfluidic channels have a cross section of 100 pm in width and 50
ptm in depth. Channels are sealed with a thin piece of glass so that they are buried 500 tm
underneath the chip surface. The injection and separation channels are crossing at right angles
but are folded to make a smaller footprint. Since in CE the optical detection is performed at the
end of the separation channel, MZI are fabricated in the shaded region indicated in Figure 3.
Figure 4 [27] shows the schematic of the MZI. The device is composed of circular segments
with radius of curvature of 30 mm and straight segments. Differently from femtosecond laser
written MZI reported in the literature [35], the splitter and combiner are designed as Y junctions
possible wavelength dependent coupling. In addition, Y junctions are known for better
performances in repeatability because they are not sensitive to typical fabrication errors in
waveguide couplers such as variation in interaction separation and interaction length.
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Fig. 4 [27] Geometric layout of the MZI. To minimize losses we use a radius of curvature of 30
mm and total device length of 17 mm. Setting the parameter h at 50 pim, the pathlength unbalance
is 56 pm, yielding a period relatively easily measured with a tunable laser source.
The pathlength unbalance As is set at 56 tm. We chose to design unbalanced MZI to enable
detection of fringes in the spectral transmission when scanning a sufficiently large spectral
region with a tunable laser.
The theoretical description of MZI fabricated in this study is similar to the description presented
in Chapter 3. For a general unbalanced waveguide interferometer, the power transmission T is
expressed in terms of wavelength ), effective refractive index of the guided mode no, and
pathlength unbalance As as shown in Equation 2.
T = ± 1+cos n0As
Eq. 2 Normalized power transmission T as a function of wavelength expressed in terms of
wavelength A, effective refractive index of the guided mode no, and pathlength unbalance As.
The waveguide refractive index n0 is about 1.45 in the fused silica sample used in this study.
The difference in propagation losses of the two arms is neglected for simplicity. With the
theoretical information given, we can compare experimental and theoretical spectral fringe
patterns to verify device functionality as well as determine the accuracy of design parameters
such as As.
For integration with a microfluidic channel, the tilted geometry of the MZI is necessary to
achieve spatially selective sensing since only one arm crosses the microfluidic channel. Figure 5
[27] shows the schematic of the 3D MZI tilted at 7' with respect to the surface of the chip. The
sensing arm intersects the microfluidic channel and the reference arm passes above it. The
sensing arm sees refractive index change when liquids of different content pass through the
microfluidic channel (indicated in red). This unique and compact 3D geometry is enabled by the
capabilities of femtosecond waveguide fabrication.
Fig. 5 [27] Schematic of tilted 3D MZI
and the reference arm passing above it.
capabilities of femtosecond fabrication.
with the sensing arm intersecting a microfluidic channel
The unique and compact 3D geometry is enabled by the
To avoid damaging the microfluidic channel walls, the writing beam is blocked by a
synchronized shutter several microns before and after the channel while fabricating the sensing
arm. The sensing arm experiences an additional loss of about 3 dB while crossing a water-filled
microfluidic channel due to scattering at the channel walls and lack of waveguide confinement.
As will be shown later, this loss does not significantly affect the device performance.
Theoretically, transmission spectrum of the MZI with one arm crossing the microfluidic channel
is described by Equation 3, slightly different from Equation 2.
T = I + Cos (n0 As - (na -nO)L)21
Eq. 3 Normalized transmission T of the MZI with one arm crossing a microfluidic channel at
wavelength X, pathlength unbalance As, intersection length with analyte L and difference between
index of the channel nchanneI and that of the guided mode no.
We see that the phase difference between the two arms gains an extra term from the difference in
refractive index between the content inside the microfluidic channel nchannel and the index of the
guided mode no. The fringes of the transmission spectral transmission have peaks with positions
given by Equation 4.
nOAs - (nchannel 
- 10
ill
Eq. 4 Wavelength position of the fringes of the spectral transmission. m is the order of the
fringe.
When the refractive index of the content of the microfluidic channel changes, the transmission
peaks are expected to shift. Considering a limited portion of the transmission spectrum and a
large enough fringe order m, A,, the change in peak positions of the spectral fringes, can be
modeled as a constant for all fringes. A{ is expected to shift linearly for small deviations of An =
nchannel - no, as shown in Equation 5.
Am An -
L
m
Eq. 5 Linear shift of spectral fringe peak position AA for small deviations of index
n, for fringe order m.
With Fourier Transform numerical analysis, the change of refractive index
the channel can be detected by the high sensitivity of the MZI by back
spectral fringe shifts of the transmission.
An = nchannel-
of the analyte inside
calculation from the
4.2.2 Setup and laser fabrication
Figure 6 on the next page shows the fabrication setup. The sample is mounted on a high
precision 3D air bearing translation stage and light is focused using a long working distance
microscope objective. The inset shows the fabrication of waveguide devices into the LOC
sample with microfluidic channels. Back reflection from the air-glass interface is used to align
the focal position with the microfluidic channel.
LOC sample w/
microfluidic channels,
0.6 NA H
objective
crystal
Yb: KYW
laser source
Computer control 3 Axis air bearing
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Fig. 6 Schematic of the fabrication setup. The sample is mounted on a high precision 3D air
bearing translation stage and light is focused using a long working distance microscope objective.
For homemade microfluidic channels, fabrication is performed in fused silica (Foctek, China) by
laser exposure and HF etching with immersion in a 20% aqueous solution of hydrofluoric acid
[29]. The laser source for microfluidic channel fabrication is a 1 KHz regeneratively amplified
Ti:Sapphire laser (Clark Instrumentation CPA-1) with 150 fs pulsewidth, 5 pJ pulse energy and
800 nm wavelength. The objective is a 0.6 NA, 50x objective (Leitz-Wetzlar PLAN L, infinity
corrected) with 7 mm working distance and 5.8 mm focal length. Exposure is performed with
beam shaping using a pair of astigmatic lenses to ensure a more symmetric modified volume.
The sample is translated using a precision ballscrew translation stage (Physik Instrumente M-
511 .DD) to produce a U-shaped irradiated volume. The translation speed is set at around 20
pm/s. The exposed volume has a much higher sensitivity to HF etching with respect to the
unexposed substrate because of self-ordered nanocracks in the orthogonal direction to the laser
polarization. During immersion in HF solution, HF diffuses rapidly in the regions where there
are nanocracks and the surrounding material is selectively removed. Resulting channels have
high aspect ratio and nearly circular cross-section. More specifically, after immersion for 2 hrs
in 20% aqueous HF solution, the resulting channels are 2 mm long with average diameter of 60
pm and have inlet wells of 100 gm.
Waveguide fabrication is performed using a cavity-dumped modelocked Yb:KYW laser
producing 350 fs pulses at 1030 nm, with energy up to 1 pJ [36]. Figure 7 [36] shows the
schematic of the laser cavity.
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Fig. 7 [36] Schematic of the cavity dumped Yb:KYW laser. SBR is the saturable absorber which
provides modelocking. The the cavity dumper includes the TFP, thin film polarizer, BBO Pockels
cell, mirrors MI 1 and M12 and OC, a 0.4% output coupler. LI and L2 are achromatic lenses. Yb
is the Yb:glass active medium. M1 is the high reflector. M2, M4, M6 and M8 are curved
dispersive mirrors. M3, M5, M9-M12 are plane dispersive mirrors. M7 is a dichroic mirror. HV-
switch is the high voltage switch driving the Pockels cell. TG is the trigger generator. PD is the
fast photo diode.
The repetition rate is set to 1 MHz and the fabrication is performed with the second harmonic
produced by a lithium triborate crystal as this wavelength yields smoother waveguides [37]. The
cavity-dumped Yb:KYW laser is preferable to the amplified Ti:Sapphire laser previously
mentioned because it provides waveguides with a higher refractive index contrast, enabling
smaller radii of curvature and lower losses. The combination of prism-less compact design, low
cost diode pumping, and self starting operation makes the laser an ideal source for high energy
femtosecond laser processing. It has been demonstrated that this laser can also be used for
microfluidic channel fabrication [36], so there is the possibility of using a monolithic laser
platform for fabricating the entire LOC device. Writing speed is set at 100 jim/s by a three axis
air bearing stage (Aerotech FiberGlide 3D) described in detail below. Light is focused using a
50x 0.6 NA objective with 7 mm working distance (Leitz-Wetzlar PLAN L, infinity corrected)
and estimated Gaussian beam diameter of 0.5 pm at 515 nm. As an initial characterization, laser
powers are varied between 50 mW and 250 mW and writing speeds are varied between 50 pim/s
and 5 mm/s, while the repetition rate is held constant at 1 MHz. Waveguides are single mode at
powers below 120 mW and are not highly sensitive to changes in writing speed. At 50 jim/s
waveguides are still single mode and increasing the speed reduces the modified volume while
increasing the propagation loss. Writing power of 90 mW and 100 tm/s writing speed are
chosen as optimized parameters because they enable fabrication at reasonable speed with
resulting waveguides that have a relatively high refractive index change.
Fabrication is performed by translating the sample while holding the laser beam and objective
still. The motion system is a high resolution three axis air bearing stage (Aerotech FiberGlide
3D) with optically encoded feedback. Translation of the sample in each dimension is obtained
with a precision on the order of 100 nm and the travel range is large in each direction (20 cm, 20
cm, and 10 cm in x, y and z respectively). This enables fully 3D waveguide devices with
arbitrary shape to be produced with high accuracy. Position, velocity and acceleration readouts
are provided by an optical interferometric feedback encoder. The fabrication time for a straight
waveguide is about 3 min 20 s for the 20 mm wide homemade chip and 3 min 30 s for the 21 mm
wide commercial LOC. Fabrication time for MZI of 17 mm in length with the geometry
specified in Figure 4 is about 7 min for both the homemade and commercial ships.
For most fabrication purposes, a shutter (Newport) is synchronized using the Aerotech
compiler's onboard electronics to guarantee exposure only when desired. The shutter is used to
stop exposure several microns before and after the walls of the intersecting microfluidic channel
to avoid extra losses and possible ablation effects at the glass-air interface. xyz point-to-point
translation is facilitated using CNC control language G code. Because of the complex geometry
of the MZI devices, G code files are first checked by running the program without the sample
and tracking the readout position from the optical encoder. Aerotech's control program allows
for plotting of each axis' position in real time. Stage positioning is provided by low noise linear
amplifiers and feedback gains are tuned by optimizing a PID control loop according to the loads
placed on each axis.
4.2.3 Characterization of waveguides and MZI
Preliminary characterization of waveguide cross sections are observed by phase contrast
microscopy and modes are observed by butt-coupling single mode fiber (SMF) into the
waveguide and recording the output with a CCD camera. Characterization of straight
waveguides at optimized fabrication parameters of 90 mW and 100 pm/s writing speed show an
elliptical waveguide cross section and mode diameter of about 11 Im, as shown in Figure 8 [27].
Single mode operation is assumed by the proximity of the mode diameter of the waveguide to
that of SMF. An index contrast of around 5 x 10-3 refractive index units (RIU) is obtained from
back calculation using mode solver software.
Fig. 8 [27] (a) microscope image of waveguide cross section of a straight waveguides. (b) output
intensity from which a mode diameter of 11 Im is calculated.
The microscope image of the waveguide cross section shows an elliptical profile but there is
some ablation (dark) at the top of the waveguide. Preliminary studies show this section
introduces scattering loss and therefore presents a difficulty in fabrication waveguides at the
same planar location at different depths because of collateral effects. This, however, is not a
large limiting factor due to the fact that the desired functionalities can be produced without
creating MZI tilted at 900 angle.
After preliminary characterization of straight waveguides, it
spectral transmission of the Y splitters and MZI. Figure 9 [27]
measurement setup.
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Fig. 9 [27] Schematic of measurement setup. Light from a tunable laser source (1460 to 1570 nm,
Agilent 816B, 1 OOuW) is sent through a fiber pigtailed chip and spectral transmission is observed
by a synchronized power meter (Agilent 816B) as the laser is tuned by a built in scanning
program. MZI spectral ringes and phase shifts is analyzed using Matlab.
Light from a 100 gW output tunable laser source (Agilent 816B 1460 nm - 1570 nm) is sent
through the fiber pigtailed chip and spectral transmission is observed by a synchronized power
meter (Agilent 816B) which is a module integrated with the laser source. The MZI's spectral
transmission period and fringe shift are analyzed using Matlab software. The large scanning
wavelength range of 1460 to 1570 nm is chosen to ensure the device is compatible with possible
use with a range of widely tunable and stable laser sources. The scanning laser system allows for
characterization over a large wavelength range with high spectral precision of less than 1 nm and
normalization with respect to real-time losses. An average fringe shift of the spectral
transmission is obtained by using a fast Fourier transform (FFT).
Once desirable spectral transmission is confirmed for an MZI on a plain substrate and in a LOC
device with no fluids inside the channel, the same setup is used to characterize the spectral
response of the MZI to refractive index change by filling the channel. With the addition of a
syringe or inlet tube at the access hole of the channel, refractive index sensing of fluids with
different concentrations can be performed. Figure 10 [27] shows a detailed schematic of the
characterization of integrated MZI for label-free refractive index sensing. The substrate is
colored in grey, with the laser fabricated MZI drawn inside. Liquid analyte inside the channel is
shown in red. Input light and output light collection is facilitated by butt-coupled or pigtailed
optical fiber, shown as clear cylinders. External connection of the channel to a syringe or inlet
tube is achieved by gluing a Luer Lock connector. As the liquid analyte passes through the
channel, it is detected by the sensing arm of the tilted MZI.
Fig. 10 [27] Detailed schematic of the characterization of integrated MZI for label-free
refractive index sensing. The substrate is colored in grey, with the laser fabricated MZI drawn
inside. Liquid analyte inside the channel is shown in red. Input light and output collection is
facilitated by butt coupled or pigtailed optical fiber, shown as clear cylinders. External
connection of the channel to a syringe or inlet tube is achieved by gluing a Luer Lock connector.
4.3 Results and discussion
4.3.1 Planar MZI spectral results
In a preliminary fabrication, MZI were fabricated in a plain fused silica substrate which had no
microfluidic elements. Figure 11 [27] shows normalized transmission spectral fringes of the
planar MZI. The MZI is designed with path length unbalance of 56 pm and a best fit theoretical
curve (solid line) is shown along with the observed spectral transmission (circles). The
transmission is normalized and presented on an exponential scale. The best fit curve following
Equation 2 shows As of 54 Rm, in good agreement with the design value.
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Fig. 11 [27] Normalized transmission of pl
theoretical curve based on Eq. 2 from earlier.
nar unbalanced MZI. Solid line shows the best fit
The overall insertion loss of this device, measured after butt-coupling two SMF at the input and
output ports, is 7.4 dB. The high fringe contrast ratio of 10 dB demonstrates that there is
virtually symmetric power splitting and combination by the two Y splitters and that propagation
losses in the two arms are well matched. The MZI shows almost no wavelength dependent loss
from 1460 nm to 1570 nm.
4.3.2 MZI integrated into homemade microfluidic channels
Unbalanced MZI were fabricated in a fused silica chip where microfluidic channels were
produced by laser exposure and HF etching. The geometric layout and dimensions were the
same as those of the planar MZI, but a tilted angle of 70 with respect to the horizontal plane was
chosen. The intersection with the microfluidic channel is designed at normal incidence to
achieve highly spatially selective detection. To maximize the index sensitivity, direct intersection
of the sensing arm with the microfluidic channel is chosen. This makes the effective sensing
volume a cylinder with length of approximately 60 pm (the channel width) and diameter of
approximately 11 pim (the size of the guided mode). As shown in Figure 12 [27], the sensing
arm of the MZI, chosen as the shorter one, orthogonally intersects the microfluidic channel at its
center (Inset B), while the reference arm passes 20 pm above the channel (Inset B), a distance
appropriate for ensuring no interaction with the contents of the channel with its evanescent field.
Fig. 12 [27] Microscope image of MZI crossing a microfluidic channel. The sensing arm of the
MZI (Inset B), orthogonally intersects the microfluidic channel at its center, while the reference
arm, (Inset A) passes 20 tm above the channel, a substantial distance so as not to interact with the
analyte.
When the content inside the microfluidic channel changes its refractive index by a quantity An,
the peak of the m* order spectral fringe shifts by approximately AA=-An L/m, where L is the
width of the microfluidic channel. Note that this takes advantage of Equation 4's linear
approximation. For numerical estimates, the amount of the spectral fringe shift is retrieved by
calculating the FFT. Equation 5 is then used to find the refractive index. To characterize the
sensitivity and linearity of the MZI response, the microfluidic channel is filled with increasing
concentrations of aqueous glucose-D solution and the shift of the spectral fringes is found by
taking the average of repeated measurements. Figure 13 [27] shows the fringe shift of the
spectral fringe pattern calculated from experimental data (diamonds) as a function of glucose
concentration as well as a linear fit (solid). Refractive Index (R.I.) increase, the change from
pure water, is also shown on the top axis since this can be found from literature [38]. The inset
shows the illustration of a linear spectral fringe shift with increasing concentrations of in
glucose-D.
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Fig. 13 [27] Phase of the spectral fringe pattern calculated from experimental data (diamonds) as a
function of glucose concentration and a linear fit (solid). R.I. increase, the change from pure
water, is shown along the top axis. Inset shows a linear phase shift in spectral fringe with increase
in glucose-D concentration.
This measurement shows the high linearity of the MZI and the slope of the linear fit yields a
responsivity of 28.4 nm/M. The known relation of glucose concentration with index is 2.66x10-6
RIU/ M26, and this reference value places the sensitivity of the device at 1070 nm/RIU, in good
agreement with the calculation based on Equations 4 and 5, assuming a microfluidic channel
diameter of 60 pim. The standard error of the data from repeated measurements is 7=3x 10~5 RIU.
The lowest refractive index increase measured was 2x10~4 RIU, but with a signal-to-noise ratio
(SNR) of 3, the extrapolated limit of detection (LOD) is x10-4 RIU.
The main limiting factor for device sensitivity is temperature fluctuation of the analyte of up to
0.5 *C, creating refractive index variation. The index variation of water with temperature is on
the order of 10~4 RIU/*C. Since the device itself is not very sensitive to temperature fluctuation
(the thermooptic coefficient of fused silica is 10- RIU/0 C and temperature induced index change
in waveguides are compensated by MZI geometry), we expect very little measurement noise
from the chip itself. Therefore, we measure an intrinsic device noise level, made from repeated
measurements of the device with nothing but air in the microfluidic channel, of 3x1 0-6 RIU. It
can therefore be concluded that the device sensitivity is currently not defined by the chip but by
temperature fluctuations of the analyte.
4.3.3 MZI integrated into a commercial LOC
To take the study one step further, we design and fabricate an integrated MZI in a commercial
fused silica CE LOC (Lionix by). Femtosecond waveguide writing is used to fabricated MZI
with tilted geometry with the same Yb:KYW cavity-dumped laser source described in 4.2.2.
MZI are written with the sensing arm crossing at normal angle with the separation channel of the
CE chip. The device is required to fit in a limited horizontal space of 21 mm and a small tilting
angle is chosen to enable the 3D sensing configuration. Figure 14 [27] shows (a) a grazing
illumination image of MZIs on the chip and (b) microscope images of the MZI's sensing arm
crossing the channel and reference arm passing above it. Once again, the mode diameter is about
11 tm, enabling highly spatially selective detection.
Fig. 14 [27] (a) grazing illumination image of MZIs on the chip (b) microscope images of the
MZI's sensing arm crossing the channel and reference arm passing above it.
Sensitivity and linearity of the device is characterized by filling the microfluidic channel with
aqueous glucose-D solutions and a solution of peptide PMOC-Pro-OH in ethanol. Figure 15
[27] shows (a) the MZI's average fringe shift when the channel is filled with water (blue,
dashed) and with 100 mM glucose solution (red, solid), and (b) the phase shift for different
concentrations of glucose (triangle) and FMOC-Pro-OH peptide solutions (diamond) with the
corresponding calculated index changes.
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Fig. 15 [27] (a) The MZI's spectral fringe shift when the channel is filled with water (blue,
dashed) and 100 mM glucose solution (red, solid). (b) Phase shift calculated from spectral
fringe data for different concentrations of glucose (triangle) and FMOC-Pro-OH peptide
solutions (diamond) with calculated index changes.
The fringe shift dependence on glucose-D concentration is estimated by a linear fit to be around
40 nm/M. Since the index variation dependence on concentration for glucose-D is known to be
2.66x 10-2 RIU/M, the device responsivity is estimated to be 1500 nm/RIU with a standard
error of a = 4.8x10-s RIU. This allows us to extrapolate a LOD of ~1.5x10i4 RIU (equivalent to
about 5 mM of glucose-D) using a signal-to-noise ratio (SNR) of 3. To understand the LOD in
terms of the peptide solution, we must use previous calibration based on comparisons of FMOC-
Pro-OH solution and glucose-D solution. With a calculated refractive index dependence on
concentration for FMOC-Pro-OH of 8.2x10-2 RIU/M, we place the LOD for the device for
FMOC-Pro-OH at about 9 mM. Detection of different concentrations of peptide solution shows
promising capability for monitoring reaction yield in chemical microreactor LOCs. The LOD of
9 mM is appropriate considering the typical concentrations used in CE assays of chemical
microreactors. Additionally, the integration of an MZI with high spatial selectivity is important
for label-free detection of sample plugs flowing through the microfluidic channel in applications
such as CE and cellular separation.
4.3.4 Time sensitive measurement
In several microfluidic applications such as CE and studies of reaction kinetics, it is important to
follow time sensitive signals. Because the acquisition time of the full spectral measurement is on
the order of 1 min, a detection approach which consists of monitoring the power at a fixed
wavelength is necessary for measuring transient behavior. At constant wavelength, the shift in
spectral fringes of an MZI corresponds to a variation in the transmission intensity. To maximize
sensitivity, the detection wavelength is chosen at the inflection point of the transmission curve.
To demonstrate time sensitive measurement of analyte refractive index changes, we use the MZI
fabricated in the homemade chip described in section 4.3.2. The same tunable laser used for
acquisition of spectral data is operated at a constant wavelength of 1570 nm and the transmission
is acquired using a photodetector at 200 ms intervals. A transient measurement is performed by
pumping a 30 mM glucose-D solution through a microfluidic channel initially filled with water.
A syringe connected to the microfluidic channel's inlet is used to apply a constant pressure of
2.2x1 05 Pa and induce a flow rate of 3 IL/s. Figure 16 [27] shows the transition between pure
water and glucose solution over 2 s observed by the measurement at constant wavelength.
This data demonstrates the capability of the MZI device for monitoring fast refractive index
transients in the microfluidic channel. The ability to measure time sensitive response is
important in tracking arrival times of particles such as biomolecules or cells as they pass through
the sensing position. This has valuable applications in CE as well as in on-line monitoring of
transient behaviors of chemical reactions.
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Fig. 16 [27] The transition between pure water and glucose solution flowing through the
microfluidic channel over 2 s as observed at the measurement position.
100
4.4 Challenges and future work
We have demonstrated the use of femtosecond waveguide fabrication to integrate a 3D tilted
MZI into a homemade and commercial LOC device. This MZI enables high sensitivity and
spatially selective detection of both static and transient refractive index change. The
combination of label-free sensing and highly spatially resolved detection is enabled by the
unique capabilities of femtosecond laser waveguide fabrication. The unique 3D capability of
femtosecond waveguide fabrication enables direct integration into homemade or commercial
LOC devices without altering existing elements or changing the manufacturing process. This
study provides a powerful step towards femtosecond laser fabrication of LOC with integrated
optofluidic functionalities.
The immediate goals of a future study with integrated MZIs would include development of a set
of calibration values and the measurement of reaction yield in a chemical microreactor. When
filling the microfluidic channel with different ratios of reagent and product, the MZI spectral
fringes should yield a series of calibration values corresponding to different reaction yields. The
device can then be used to detect static reaction efficiency once the reaction is stabilized. The
major obstacles in this kind of study are the limited data found in literature about index versus
concentration values of biochemical reagents, as well as the possible nonunique calibration curve
of index values versus reagent and product concentrations. Index dependence on reagent and
product concentration must be uniquely matched to facilitate optical detection of reaction
efficiency.
Another continuing study is the demonstration of real time monitoring of separated biomolecules
in CE. Since time sensitive detection has been demonstrated on a commercial CE chip, the next
step is to perform a CE procedure and monitor the signal from the integrated MZI. Time
sensitive signal peaks indicate the arrival times of different biomolecules while the amplitudes
show their index of refraction, which may be related to concentration. The information from a
single intensity signal from an MZI detector depends on the operating point and the sensitivity of
the measurement electronics, and the periodicity of the MZI's spectral transmission also limits
the region of linear operation. While dynamic detection of the MZI's spectral transmission can
resolve these issues, such a measurement requires access to a rapidly tunable or broadband
source with fast spectral acquisition.
Considering more general aspects of the device performance, improvement of sensitivity is a
major area in the development of photonic detection for LOC. Existing microfluidic
technology has shown capability to detect biotoxins with dynamic range of p.M to pM
concentrations [7]. Liquid-core waveguide technology combined with solid core waveguides
and microfluidic LOC have enabled single particle detection and manipulation with fluorescence
detection and picoliter analyte volumes [39]. In the future, even better LOD may be achieved
with femtosecond laser fabrication technology with the improvement of spatial selection, smaller
analyte volumes and improved detection schemes.
As mentioned earlier, optofluidic LOC enable multiplexed and parallel processing because of
their compact design and small reagent volumes [40]. For example, a planar integrated
multiplexed ring resonator sensor in a compact LOC with integrated microfluidics has provided
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multiplexed label-free sensing with LOD of 5x 10-6 RIU [41]. Given this, multiplexing of the
integrated MZI devices is an important goal. Laser fabricated MZI can be envisioned for
detection in parallel processing designs and for simultaneous detection at different spatial points
along the same channel to monitor reaction dynamics. Towards this goal, optimized geometric
design, increase of the waveguide index contrast and reduction of bending losses would enable
the achievement of higher device densities. Parallel light sources and detection methods are also
important for this type of development.
Finally, the ultimate goal is to develop an integrated microprocessing LOC containing electronic,
photonic and microfluidic elements, with the integration of optical sources, power supplies,
microfluidic controls and even microprocessors onto a single chip. A prototype design proposed
by Meagher et al. is shown in Figure 17 [42]. With the development of highly integrated light
sources and detectors, this single chip platform is coming closer and closer to being realized.
The presence of integrated power supplies and microprocessors, along with fluidic manipulation
by on-chip pumps, switches, and MEMs, would provide a powerful range of capabilities in a
compact and portable LOC. The combination of label-free sensing, highly spatially resolved
detection, unique 3D geometries, and direct fabrication provided by femtosecond laser
waveguide fabrication can be a powerful tool in the future development of LOC.
Fig. 17 [42] Schematic of integrated optofluidic microprocessing LOC, with the integration of
optical sources, power supplies, microfluidic controls and even microprocessors into a single
chip.
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Chapter 5
Two photon polymerization (TPP) for integration of three-dimensional porous
filter into Lab-On-Chip
5.1 Introduction to TPP for Lab-On-Chip
As described in detail in Chapter 1, femtosecond laser fabrication of micro optical and
mechanical devices by two photon polymerization (TPP) is a powerful method for fabrication of
high resolution, three-dimensional (3D) structures for applications in photonics,
micromechanical systems, microelectronics, and Lab-On-Chip (LOC) [1-9]. TPP is performed
inside a UV curable resist with the simultaneous absorption of two degenerate photons from a
near-IR femtosecond laser source. Crosslinking of monomers and oligomers inside the resist is
created by photointiator-generated free radicals or cations. TPP enables fabrication of high
resolution 3D structures with relatively simple processing and low cost materials. As explained
earlier in Chapter 1, a femtosecond source is focused using high numerical aperture (NA), and
the spatial density of photons becomes high at the focal point [6, 7]. Because the density of
radicals produced is proportional to the incident intensity squared (I2), the FWHM of the point-
spread function representing the polymerized volume, or voxel, is reduced to the square root as
that of single photon absorption [8]. Figure 1 [6,7] illustrates how this results in higher spatial
resolution structures than single photon processes for a given threshold energy.
(a) .. (b)Polymer Laser pulses CPolymer ' :
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Fig. 1 [6, 7] (a) Photon density becomes high at the focal volume. (b) photon density for single
photon exposure (yellow) and that of TPP (red). A, B and C are TPP probability for laser powers
below, at and above TPP threshold.
The high resolution, low cost, and 3D properties of femtosecond TPP makes it an ideal
fabrication technology for the integration of devices into LOC. Microfluidic channels [10-12],
microfluidic shells and channel masters [13-15] and a variety of active and passive microfluidic
devices have been demonstrated [16-21]. At the same time, polymer materials have shown
promise in their compatibility with biochemical studies [22,23]. In particular, TPP has great
potential in being used for fabrication of porous filters, which are valuable in microbiological
studies in cell separation, molecular separation, and other biochemical analysis [24-28]. Unlike
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particle sorting using electrophoretic flow, optical tweezing, shear-induced forces, magnetic
forces or gravity-driven forces, sorting using a porous filter is simple, inexpensive and does not
require extra steps such as labeling. Specifically, integrated microfluidic filters which separate
micro- and nanoscale particles are useful in isolation of plasma from whole blood, sorting of
cells of different sizes, or separation of tissue and bacteria [25,29-34]. Over the past decade,
TPP fabrication of woodpile structures [35,36], scaffolds for tissue engineering and cellular
studies [37-39] photonic crystals [40,41] as well as microfluidic devices [10-21] have been
performed. However, there is much unexplored space in integration of periodic porous filters
into LOC using TPP technology.
Currently, advances in nanoscience and technology has led to several new methods for
fabrication of porous filters for integrated microfluidics. Emulsion photopolymerization [31],
salt-leaching techniques [26], directed assembly and transfer molding [32] yield high resolution
porous filters with easy integration into microfluidic channels but do not give regular periodicity
or precise control over pore size and shape. Various molding procedures are being developed for
fabrication with inexpensive polymer substrates, but the devices are single use and so far have
limited geometries [33,34]. On the other hand, MEMs and photolithographic methods involving
conformable phase masks or multiple beam interference lithography yield well controlled
periodic structures but involve complex and often expensive processing techniques without 3D
capabilities [24,25,29]. TPP technology offers advantages over these current techniques because
it enables precisely controlled fabrication of 3D porous structures with sub-micron resolution,
direct write capability and customizable integration.
As an example, Figure 2 [25] shows an illustration of separation of red blood cells (RBC) from
blood plasma using a 1D integrated filter made by MEMs technology. Figure 2 (a) is an
illustration of the simulated flow pattern, with plasma routed to outlet 2 and RBC routed to outlet
1. Figure 2 (b) is an SEM of the separation of plasma from red blood cells through the filter slits.
(a) Feedstream BVDass (b)
50pmSidestream
Fig. 2 [25] separation of red blood cells from blood plasma. (a) Illustration of simulated flow with
one inlet and two outlets (b) separation of plasma from whole blood through a nanoslit filter.
The LOC is made of a silicon substrate containing micropillar arrays, inlet channels, side
channels and nanoslit structures sealed with a PDMS-glass compound cover. Since red blood
cells are disk shaped with diameter of around 8 pm and deformable thickness of 2 pm, and the
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suitable filter slit size is optimized at 800 nm. After successively passing through different filters,
plasma selectivity was shown to be as high as 97.7%. This technology can be used to integrate
filters with nanometer scale slits into various microfluidic LOC, and the common problem of
clogging is virtually eliminated with proper optimization of microfluidic flow. However, the
high efficiency separation of plasma from whole blood requires multiple filters when the slits are
1 D. TPP has clear advantages over this technology because of its 3D and direct write
characteristics.
Another alternative technology is processing of UV curable resins by single photon
polymerization, otherwise known as photolithography. Figure 3 [27] shows (a) a 3D porous filter
created by a periodic conformable phase mask in a UV curable resin integrated into a Y shaped
microfluidic channel fabricated with lithographic technology Figure 3 (b) shows a magnified
view of the microfilter area where a suspension of 520 nm fluorescent polystyrene microspheres
is filtered. The suspension is milky before the filter and clear after, demonstrating the stopping
of microbeads. Figure 3 (c) shows an SEM of blocked microspheres (red) at the edge of the
filter. These structures are mechanically stable in aqueous solutions and in pressure-driven flow.
This method uses simple optical setups with disposable phase masks and can be used on various
materials. Masks can be designed to produce defects in the pattern and different kinds of
periodic patterns. However, structures have limited geometries and cannot be produced at
arbitrary depth.
,A# 0
(b) 100 pm
1001
Fig. 3 [27] (a) porous filter integrated into a Y shaped channel with lithographic technology (b)
Magnified view of the region near the edge of the channel.(c) 520 nm fluorescent particles being
filtered (red). The filter is made of cylinders with relief depth of 420 nm and a duty cycle of 43%.
Although single photon exposure is capable of producing finely featured structures using
interference technology, it still does not offer the same level of flexibility provided by TPP.
Figure 4 [16] shows a TPP integrated 2D high aspect ratio filter with various pore sizes and
shapes. Figure 4 (a) is an SEM of a microfilter with 4 pm circular pores. Figure 4 (b) is an SEM
of a fishscale microfilter which functions as a one-way valve. Figure 4 (c) shows test particles
suspended in a solution of isopropanol (IPA) being trapped by the 4 pm pore microfilter.
Direction of flow is indicated by the red arrows. A, B and C letters represent the inlet, filtered
outlet, and reject outlet, respectively. Figure 4 (d) shows larger particles being trapped by the 4
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[rm pore microfilter while Figure 4 (e) shows the change in particle size distribution before and
after the filter. For the fishscale filter in Figure 4 (b), particles which approach from the non-
eave direction pass through the pores, while particles which approach from the eaves direction
lose their forward momentum and cannot pass through. Channels are 75 prm wide and 15 urm in
depth. For the circular pore filter, test particles with diameter bigger than the pore size do not
pass, but overtime, the filter becomes clogged and must be cleaned by reversing the flow.
(a)(b
Before (
(d) After
CD
_0
Diameter Qim)
Fig. 4 [16] (a) SEM of TPP fabricated filter with 4 Rm circular pores (b) SEM of the fishscale
filter. (c) smaller particles pass through the 4 pm microfilter. (d) larger particles are trapped by
the 4 ptm sized microfilter (e) Particle size distribution before and after the microfilter.
In addition to the structures shown, the study also shows high aspect ratio 2D filters with pore
sizes of rectangular, cylindrical, pentagonal and triangular shapes. The smallest reported pore
size is 2.5 pm. Unfortunately, there is visible deformation seen in the pentagonal pore structures.
In addition, the authors report difficulty with producing upright standing structures because of
what they call the "wall effect," the reduced polymerization and poor channel wall attachment
resulting from defocused light at the glass-resist interface. More importantly, this device still
requires complex design steps involving placing of the. resist in a custom made LOC before the
channels are sealed. Figure 5 [16] shows the processing steps. A T-shaped microfluidic network
is fabricated by wet etching onto a glass slide, after which there is filling, fabrication and
development of the resist. A PDMS slab is then used to seal the channels to complete the LOC.
This means the fabrication of the entire device must be performed in a single facility which has
lithographic, etching, TPP and glass and polymer bonding capabilities.
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fs laser
Fig. 5 [16] Processing steps for high aspect ratio 2D filter in microfluidic LOC. Resist is put into
the channel and processed before the channels are sealed.
The complexity of the processing shown here represents a significant roadblock in TPP
technology for integration of devices into LOC. Requirements for tailored microfluidic networks
and reliable post exposure sealing procedures which accommodate TPP undermines many
advantages of TPP direct fabrication.
As can be seen, there is much unexplored space in the field of TPP fabrication of 3D porous
filters in LOC and the demonstration of their applications. The goals of this study are to (1)
explore the limit of feature size for TPP fabrication of 2D and 3D structures (2) develop a
procedure for placing resist and fabricating inside an already sealed microfluidic network (3)
fully characterize structures fabricated inside the channels and (4) demonstrate the functionality
of the integrated porous filter structures for separation of micro- and nanoscale particles. Here,
we present sample data from two kinds of resists: an epoxy based negative tone resist named SU-
8 and a hybrid inorganic-organic sol-gel named SZ2080. Preliminary studies of both resists are
performed on flat samples and data from SZ2080 resist in a commercial fused silica LOC
(Micronit Microfluidics) designed for cross channel capillary electrophoresis (CE) is presented.
We present both an integrated filter inside a straight channel and a triangular filter fabricated at
the crossing of the injection and separation channels. Functionality tests are performed with
suspensions of 3 pm polystyrene spheres. The ultimate goal is a filter which distinguishes
particles by size with performance equaling current cell sorting technology [42].
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5.2 Materials and Methods
5.2.1 TPP writing source and motion system
Figure 6 [43] shows the fabrication setup. The femtosecond writing source is sent through a
power attenuator, beam expander, and high speed shutter (Newport) before being focused into
the resist. The resist is spun coat or drop cast onto a glass sample or injected into a LOC which
is mounted on a high precision three axis piezoelectric translator (PZT) stage (Physik
Instrumente). A 1.4 NA 100x objective (Carl Zeiss Plan-APOCHROMAT) is used to focus the
input beam onto the sample. The objective is used with immersion oil (Carl Zeiss Immersol
518F, index=1.518) and designed for imaging specimens under a glass coverslip with working
distance of 170 pm and is known for having outstanding point spread function and high
performance chromatic correction. Its high resolution imaging capabilities makes it ideal for
TPP fabrication with tight focusing and small voxel size. Stage motion is controlled with point
by point Labview computer programming, and a visible camera is used to observe the
backreflected focal spot during alignment and fabrication. The beam is visible as a dull spot to
human eyes and can be observed with an IR viewing scope, but a 633 nm Ne-Ne beam is
overlapped with the Ti:Sapphire laser beam to increase its visibility.
Labview control
Piezo Ba
translator Splitter CCD
0
Objective Fs laserY Shutter
Sample Beam Power
expander control
He-Ne
laser
Fig. 6 [43] The TPP fabrication setup using a femtosecond laser writing source, alignment optics
and piezo-electric translation stage. The focusing optic is a high NA (1.4) objective. Labview
controls the point-by-point motion of the stages.
The writing source is a modelocked femtosecond Ti:Sapphire laser with 87 MHz repetition rate
and 150 fs pulsewidth. The wavelength is tunable between 780 nm and 800 nm. Figure 7 [44]
(a) shows the layout of the Ti:Sapphire laser and Figure 7 (b) shows its modelocked spectrum
while tuned to 785 nm. M1 and M2 are the curved mirrors near to the crystal, OC stands for
output coupler and HR is the high reflector. The modelocked spectral FWHM is around 28 nm.
The laser is pumped by a Nd:YAG 10W CW diode laser (Coherent Verdi-10) operated at about
5 W. Modelocking is initialized with a saturable absorber and a small cavity perturbation. A pair
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of prisms provide dispersion compensation, and tuning is provided by an adjustable slit and
micrometer controlled prism position. The maximum reported modelocked output at 5 W pump
power is 400 mW [43].
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Fig. 7 [44] (a) The layout of the Ti:Sapphire laser. MI and M2 are the curved mirrors, OC stands
for output coupler, HR is the high reflector. Tuning is performed by adjusting the positions of the
aperture and Prism2. (b) modelocked spectrum while tuned to 785 nm. The spectral FWHM is
around 28 nm.
The positioning system is a three axis frictionless high resolution PZT stage (Physik Instrumente,
P-517.3CL) [45]. This PZT motion system is known for its high linearity (0.03%), stability (3
nm) and stiffness (2-15 Kg). Because of the nature of the writing geometry, the stage is chosen
to have an open aperture. The stage has a translation of 100 pm in x and y (planar) directions
with 1 nm resolution and travel of 20 jtm in the z (depth) direction with resolution of 0.1 nm.
Repeatability is +5 nm in x and y directions and +1 nm in the z direction. The linear, brushless,
no-friction leaf springs enable a high acceleration rate (10 m/s2) and maximum velocity of up to
350 mm/s. Servo feedback is provided by the position readout from a pair of magnetic
capacitive position sensors. Labview is used to send analog signals to the controller which
provides an amplified input to the PZT motors. The high speed shutter (Newport) is
synchronized with Labview to create exposure in desired positions. The shutter is placed at the
focal position of the beam expander. A homemade set of programs with point by point
positioning are written to enable linear, circular, or arbitrary scan paths with variable velocity.
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The objective is a 1.4 NA oil immersion objective (Carl Zeiss Plan-APOCHROMAT) with about
35% transmission at 790 nm. The calculated focal spot diameter is 720 nm and the specified
working distance for microscopy applications (in coverslip glass) is 170 nm. This limits the
depth of focusing in our samples, but yields high resolution in both the lateral and longitudinal
directions. A 1:2 beam expander is added before the objective to fully fill the aperture and
exploit the high NA. To find the lower limit of device resolution and high speed fabrication, a
range of powers (2 to 200 mW) and a large range of writing speeds (0.1 to 200 tm/s) is explored.
5.2.2 Fabrication considerations
Because of competing technologies such as nanofabrication processes like electron-beam
lithography, nanoimprint lithography, and focused ion-beam lithography, improvement of spatial
resolution is a key issue in the development of TPP. Theoretical investigations into voxel size,
or the smallest polymerized volume, shows its dependence on many parameters such as laser
characteristics, numerical aperture, and threshold energy for polymerization [8,46,47]. Equation
1 [8] is a model for the diameter (d) and longitudinal size (l) of the voxel based on a Gaussian
beam model and assumption of constant threshold energy.
d(P.t,NA)= A
wtan (sin-1(NA/n))
4_2p2 -t - tn(i~(NA/n11))]4
x hi Eth - A4
I (P. t. NA ) = 2: =A [tan (sin~ 1 (NA/n))]
4 2P2 .t [tan (sin1r(NA/n )) /2 1/2
Eq. 1 [8] Diameter (d) and longitudinal dimension () of a voxel based on exposure parameters and
material characteristics. Et is the exposure threshold, X is wavelength, n is index of refraction of
the resin, P is average laser power, t is exposure time, and NA is numerical aperture.
From Equation 1 it can be shown that voxel size can be reduced by optimizing exposure
parameters, but the commonly accepted limiting voxel diameter is approximately 100 nm for
SU-8 [47] and 170 nm for SZ2080 [48]. Various methods have been used to reduce the lateral
size of the voxel to less than these limits. These methods include radical quenching [49],
reducing exposure threshold with more sensitive chromophores [50] taking advantage of semi-
polymerized regions [51,52] and supper-diffraction limit focusing [53]. For our application of 3D
porous filters, structures should be on the order of one micron or less. Since writing threshold is
low for both SU-8 and SZ2080 resists, laser power is not a limiting factor. Initial
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characterization of writing powers shows desirable feature size at 5-8 mW for SU-8 and 5 mW
for SZ2080. Writing speed is an important parameter for consideration in industrial production.
The current setup uses fabrication speeds from 0.1 pm/s to 200 ptm/s.
Additional parameters that are of critical importance for fabrication of periodic filters in LOC
include mechanical stiffness, surface properties and biocompatibility. Shrinkage, detachment
from channel walls, and stability are also very important issues in writing at near threshold
exposures and limiting feature size [36, 54]. At these conditions, not all of the monomer and
oligomer molecules are polymerized, and the rinsing away of these molecules during
development can lead to structural collapse. Additionally, deformation and bending can be a
result of the surface pressure of the rinsing agent. In terms of biocompatibility, both SU-8 and
ORMOCERs, organic-inorganic hybrid resists similar to SZ2080, have been shown to support
viable cell cultures when grown in comparison with a control group [22, 37].
5.2.3 TPP Materials
The choice of material used in femtosecond TPP fabrication in LOC must optimize the
complexity of the processing, the ease of placing resist into microfluidic channels, and the
performance of the resist's mechanical properties, surface properties and biocompatibility. The
writing of structures for initial studies means resist must be spun coat or drop cast onto a flat
substrate. For microfluidic channels the resist is injected into a microfluidic channel through a
sealed syringe or placed at the input wells and flowed inside the channels by low temperature
baking. Two kinds of resists are characterized this study: commercially used epoxy based
negative tone resist SU-8 (Microchem) [54] and a recently developed organic-inorganic hybrid
sol-gel named SZ2080 [48]. Since the earliest work [55], TPP fabrication in the commercial
resin SU-8 has seen much development. SU-8 resist is a highly sensitive negative tone resist
which relies on cationic propagated polymerization. When two photon absorption occurs,
photoacid generators act as a catalyst for cross-linking by opening up the epoxy sites. Post
exposure bake (PEB) activates the crosslinking and propagates the reaction. SU-8 is composed
of EPON SU-8 resin dissolved in an organic solvent (gamma-butyrolacton). The photoacid
generators (triarylsulfonium salts) compose up to 10% by weight of the resist and have typical
absorption peaks at 310 and 230 nm, allowing for TPP fabrication at near-IR wavelengths.
Figure 8 [36] (a) shows the chemical structure of SU-8 as a monomer unit and (b) in a
crosslinked polymer. There are eight epoxy sites per molecule. Figure 9 [36] illustrates (a) the
generation of photoacid (b) initiation by ring opening of epoxy groups by a cation and (c)
propagation of polymerization. Polymerized SU-8 is chemically inert, thermally stable (up to
380'C), mechanically stable (Young's modulus of E~ 4-5 GPa) and optically transparent at
visible and near-IR wavelengths.
115
(a)
CH. CH H2
CH. CH- CH. CH,
CIM CHM CH
HAC-C-CHA (C--CHb -h -C-i HC-C-Clh
0000
I Ij
CH;- Ct-'' --
Monomer
Fig. 8 [36] (a) The chemical composition of S1
polymer. There are eight epoxy sites per monome
(a)
6 SbF6 .
(b) i 1 L Z
o0 OH -OH -OH -OH
0 0 9
0Q 0
CH, H, CM, CM,
OH Jo -ON 3-OH
Monomer unit in
Crosslinked polymer
J-8 in monomer unit and (b) in a crosslinked
2 hv 0. + + HSbF
(b)
R,---C-CH +
H
H - R 1-C-CHH
(c)
HH H
R,-C-CH, + H - H2 R--C--CHi-O--H-CH,H HO C
R2 R2
Fig. 9 [36] (a) Creation of photoacid through light absorption. (b) Cationic ring opening
polymerization of epoxy groups. (c) propagation
In recent years, another important TPP material has been developed. SZ2080 was created in a
research environment as a material consisting of a zirconium-silicon hybrid organic-inorganic
sol-gel. Chemical structure of the photoinitiator and a diagram illustrating cationic
polymerization is shown in Figure 10 [48].
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Fig. 10 [48] Chemical composition of (a) MAPTS, (b) MAA-Zr (c) ZPO hydrolysis (d)
photoinitator and (e) the formation of the inorganic matrix.
The two main components of the sol-gel are methacryloxylpropyl thrmethoxysilane (MAPTMS)
and zircomium n-propoxide (ZPO). During synthesis, these two groups form Si-O-Si and Zr-0-
Zr bonds. Then, while drying, the material becomes a soft glass matrix where organic
methacrylate groups are covalently attached to an inorganic backbone. During TPP, the organic
groups are polymerized by forming C-C covalent bonds which further increase the connectivity
of the material. The photoinitiator is 4,4=-bis(diethylamino) benzophenone.
SZ2080 has high optical quality, post processing electrochemical inertness and good mechanical
and chemical stability. The copolymerization of a silicon alkoxide with a zirconium alkoxide
improves the material's mechanical stability and also allows for modification of the refractive
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index. SZ2080's index is closely matched to glass, making it easily integrable with optical
devices. In addition, it is possible to modify the material by adding various functional groups
such as nonlinear optical chromophores for nonlinear effects [41]. These properties make
SZ2080 ideal in photonic applications as well as integration into LOC microfluidic channels.
The exposure threshold and voxel size can be tailored by changing the percentage of ZPO
content [48]. The use of low shrinkage sol-gel is advantageous for applications sensitive to
structural deformation, since no additional design efforts are needed to compensate for
distortions or mechanical instability.
Both SU-8 and SZ2080 have desirable optical properties and enable on-chip integration. SU-8 is
easier to flow into the channels, while SZ2080 has the added advantages of lower exposure
threshold and increased mechanical stability, as will be shown in a later section. As an initial
study, we perform a comparison of straight lines fabricated at different powers and speeds on a
flat sample, what is called a 'serpentine' characterization. The presence or absence of shrinkage
or deformation is a deciding factor. Another deciding factor is whether there is clean
development of structures or if there is any semi-polymerized resists remaining after
development. Any remaining resist films or wires may be due to the propagation of radicals
beyond the exposure region and while this can be advantageous in some cases, it is a problem for
our fabrication.
5.2.4 Fabrication procedure
Initial fabrications are performed on flat substrates with a standard processing procedure. SU-8's
processing protocol has many steps, one of the possible challenges for this technology. For the
flat substrate, we choose a 145 prm thick coverslip glass which is cleaned with optical paper and
acetone, then with IPA. Following this, the substrate is baked on a hot plate at 2000 C for 5
minutes to evaporate the cleaning agents. About 1 ml of SU-8 is placed on the substrate using a
syringe, then the resist is spin coated at 500 rpm for 8 s and 3000 rpm for 30 s. Note that these
parameters result in an SU-8 layer of about 40 pm thick but the thickness can be adjusted by
changing the times and speeds of the spin coating. Following this, a two-step soft bake of 6
min at 65 0C ramping up to 9 min at 95 0C is performed to remove any remaining solvent. Now,
exposure is performed by mounting the sample on the piezoelectric stage and alignment is
performed by observing the backreflected spot from the air-glass or glass-resist interface and off-
setting the depth of the focus a calibrated amount. Fabrication is then performed by translating
the sample with respect to the laser beam. Exposure is followed by a 12 min PEB (4 min at 650 C
and 8 min at 95 0C) which creates the crosslinking. At least 10 min time must be given to
gradually cool the sample since the material is sensitive to thermal shock. Development is
performed with immersion in still or agitated commercial PGMEA developer (propylene glycol
methyl ether acetone, Microchem), followed by a 10 s rinse in IPA and drying under laminar
flow air. Typical sample development time is 3 min for a flat sample and 1 hr/mm inside the
channel. Phase contrast microscopy is used to check for completion of development and any
remaining semi-polymerized resist. There is the optional step of a 1 hr hard bake at 150 0 C to
increase mechanical stiffness, and removal can be performed with commercial SU-8 stripper.
Optimized writing power is 5-8 mW and fastest fabrication speeds are 8-20 pm/s.
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SZ2080 has a very similar protocol to that of SU-8, but it is a bit simpler. The substrate is
pretreated in the same fashion but 0.5 ml of resist is drop-cast using a glass dropper. Because of
the solvent, the material has low viscosity at room temperature and forms an even layer without
any spin coating. To remove the solvent, the material is soft baked at 800C for 1 hour. The
sample mounting, alignment and exposure process is identical to before. The exposure power is
5.2 mW after the objective and the writing speed is 40 pm/s. Following exposure, the structures
are immediately visible and are checked under a standard bright field microscope. Structures are
then developed by immersion in a 50:50 mixture of 4-methyl-2-pentanone and IPA. Typical
development time for a flat substrate is 2-3 min. Figure 11 [48,54] summarizes and compares
the processing protocols for SU-8 and SZ2080 on flat substrates.
SU-8 SZ2080
Spin coat (500 RPM for 8 s,
3000 RPM for 30s)
Rinse (10 s immersion in IPA)
Drying under laminar flow
Fig. 11 [48, 55] The processing protocols
Processing is modified for LOC integration.
As will be explained later,
experiments. For fabrication
procedure is more complex.
sealed microfluidic channels
for SU-8 and SZ2080 resist on flat substrates.
SZ2080 is chosen as the main resist to continue with further
inside the microfluidic chip, resist processing and the fabrication
The novel procedure which is developed to introduce resist into
is important because it allows for direct write fabrication of TPP
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devices into existing microfluidic networks. The resist must be placed inside the channel before
it reaches a high viscosity, but the solvent must also be removed by soft bake before any writing
is performed. The optimized procedure for SZ2080 involves a partial soft bake of about 90 uL
of the resist (3 min) at 800C before it is placed inside the channels. To minimize effects of
thermal shock, the chip is also heated to the same temperature. The partially baked resist is
placed inside three of the four access wells with a razor edge and is sucked into the channels by
aspiring air from the fourth well using an 0-ring connected syringe. Once the resist reaches the
desired position inside the channels, the soft bake is completed by baking the filled chip at 105 0C
for 80-90 min. A higher temperature is used to compensate for the fact that the resist is now
thermally insulated by the chip. Alignment to the desired position on the chip is performed by
observing the backreflected spot at the top and edges of the channel and manually positioning the
starting point of the writing beam. Repeatability error of the positioning procedure is less than 3
pm between experiments. Filters are written by scanning first a two-dimensional (xz) layer at a
fixed position along the channel, then progressively scanning more layers which are overlapping
to create porosity in the third dimension. Following irradiation, the TPP written structure is
immediately visible and can be checked by a bright field microscope. Removal of unexposed
resist is performed by immersing the entire chip in the development mixture. Unexposed resist is
slowly removed by the propagation of developer into the channels via the access holes. Because
the resist is contained inside closed channels, longer times are required for development.
Figure 12 shows a comparison between our method, where fabrication is performed inside a
LOC with closed channels, and more traditional techniques, where fabrication is performed with
open channels. More traditional integration methods involve using homemade microfluidic
channels which are tailored for the application and photoresist is placed and exposed inside an
open channel. This is followed by a sealing procedure which completes the fabrication. The
advantage of the procedure developed here is that it allows simple direct write fabrication
without requiring extra design steps for tailored microfluidic networks. We perform only the last
three steps (colored blue) within the laboratory so integration of structures can be carried out
with commercial LOC which have already undergone bonding and sealing.
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Fig. 12 Comparison of processing steps for our method, where fabrication is performed with
sealed channels, with more traditional techniques, where fabrication is performed with open
channels.
5.2.5 Characterization
Because of the 3D nature of the TPP fabricated structures, they cannot be fully characterized
easily with microscopy. En-face microscope images are taken in both reflection and
transmission modes. Flat samples must be cut close to the structure edge to obtain cross-
sectional images. This complicates the characterization process because it requires precise
cutting methods which create a parallel break close to the structures without causing damage or
cracking the glass substrate. Samples can be tilted at small angles to obtain 3D images but a
small confocal parameter makes focusing at all depths difficult. For structures embedded inside
microfluidic channels, this method can only produce 2D views from the top and bottom of the
sample, except when structures are detached and fallen. Cutting microchannels to expose
embedded structures is a possible method for imaging other cross-sections but this has the same
risks of damaging the structures.
SEM is useful for obtaining high resolution images of 3D structures to verify porosity, measure
device size and repeatability, but must be performed on an equivalent flat sample or inside an
exposed part of a microchannel [13, 27]. SEM is costly and has a very limited working distance
and confocal parameter, being unable to characterize structures with large range in depth.
Two additional characterization methods are confocal imaging and fluorescence microscopy [56,
57]. Fluorescence microscopy is more accessible but requires fluorescent labeling of the
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structures or good innate fluorescence. Confocal fluorescence imaging along with intensity
differentiation algorithms has the advantage of providing sub-micron sensitivity and being
virtually back-ground free. However, confocal fluorescence imaging requires a high intensity
laser source and raster scanning capability for rapid acquisition of 3D images.
The characterization of the functionality of the filter in a straight channel is performed by
flowing an aqueous suspension of 3 pm polystyrene spheres using pressure from a syringe. The
test solution is driven through the channel by applying about 15 psi at the well, and the
functionality of the filter can be verified by a series of time-lapsed microscope images. A more
controlled functionality test is performed on the triangular filter at the crossing of two channels.
In this case, the test solutions are a suspension of 3 pim polystyrene spheres in a 100 mM
phosphate buffer and 3 ptm polystyrene spheres in a 40 ptM Rhodamine 6G solution. The chip is
mounted in a homemade cartridge made of an open aperture thin aluminum plate and a 1.7 cm
thick plexiglass top cover with access holes matched to the wells. Imaging is performed using an
inverted microscope in fluorescence and bright field imaging modes. Because it enables more
stable control of the flow rate, hydrostatic pressure is used to flow the test solution through the
channels. First, all channels are filled with buffer by placing buffer solution in each of the wells,
then flow is directed through the filter by filling the cylindrical access hole at the entrance of the
separation channel with the sample solution and filling other access holes to different heights
with buffer solution. By controlling the different heights of liquid, or hydrostatic pressure, at the
wells, the flow rate and flow volume splitting ratio in the different channels can be adjusted.
Time-lapsed images and video of the movement of the solution and test spheres are captured by a
CCD camera. Flow rates are determined by observing the movement of the half-max position of
the fluorescence intensity signal along the channel. Figure 13 shows the characterization setup
and the inset shows the concept of applying hydrostatic pressure at the wells.
Li tiJ
Chip and cartridge
Mcroscope
Ftr
Dichroic mirror
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optics Excitation light
Fig. 13 Setup for characterizing functionality of the integrated porous filter. Test solution is
flowed using hydrostatic pressure and imaging is performed with an inverted fluorescence
microscope.
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5.3 TPP fabrication of 2D, 3D and integrated devices
5.3.1 Preliminary characterization
In order to perform TPP fabrication for integrated porous filters, it is necessary to first
demonstrate reliable 2D and 3D structures on flat substrates. Initial studies are performed to
understand the voxel volume, aspect ratio, and effect of writing in overlapped regions and at
different depths inside the resist. More systematically, a series of 'serpentine' structures, or 2D
scan lines at different speeds, were fabricated in both kinds of resists. 3D scaffold structures
with minimized porosity are also fabricated to simulate the filter. Figure 14 shows a comparison
of serpentine studies in (a) SU-8 and (b) SZ2080. Writing speeds are indicated below the figure.
Figure 14 (c) and (d) show scaffold scan patterns fabricated using the two resists. The objective
NA was 1.4 and power was 5mW for both cases.
(a) (d)
Fig. 14 Comparison of 2D lines written at 5 mW for (a) SU-8 and (b) SZ2080. SU-8 writing
speeds are (from left to right) 1, 2, 3, 4, 5,6, and 8 pm/s. SZ2080 writing speeds are:
1,2,5,10,15,20, 50,100,150 and 200 [im/s. (c) and (d) 3D scaffolds in SU-8 and SZ2080. Writing
speeds are 8 jim/s for SU-8 and 50 pm/s for SZ2080.
As Figure 14 shows, SU-8 resist shows the ability to produce structures with high aspect ratio
and good mechanical stiffness, but finer structures have a tendency to deform due to the surface
tension of the rinsing agent during development. In some cases, structures even become
completely detached. In contrast, SZ2080 adheres well to the glass substrate and shows very
little deformation even at high writing speeds, although it is observed to have slightly less
mechanical stiffness. SZ2080 also provides structures with lower aspect ratio. Both resists
enable TPP fabricated structures with less than 1 pm resolution at optimized parameters, but SU-
8 is more sensitive to changes in writing speed and power, allowing for larger dynamic range.
However, structures are more sensitive to power fluctuations of the writing source, affecting
their repeatability. SZ2080 offer less dynamic range in size and structures always have low
aspect ratio, but its simpler processing steps and resistance to deformation makes it preferable.
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Figure 14 also shows that SU-8 3D scaffolds tend to have a thin layer of semi-polymerized resist
between the scan lines. This and the other factors discussed above makee SZ2080 resist a better
material for our application.
To better understand the structure resolution and sensitivity to writing powers, further
characterization is performed with SZ2080. Figure 15 shows the lateral and axial size
characterization of scan lines written with powers of 2 mW, 5 mW and 10 mW using a 1.4 NA
objective.
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Fig. 15 Lateral and axial size measurements from 2D scans in xy and xz. The lateral size is
measured from structures which are collapsed.
Lateral size is measured from 'serpentine' structures similar to those shown in Figure 14, while
axial size is characterized by observing vertically fabricated xz structures which fall on their side
after development. Sizes are approximate since these measurements were performed using
images from a microscope. The axial dimensions of the scan lines determine the minimum
achievable spacing in the z dimension when designing a filter. No axial sizes are shown for 10
mW because structures written with the parameters of interest did not fall. The aspect ratio of the
scan lines is estimated to be about 2 to 1. This aspect ratio enables the fabrication of multiple
layers in depth (z).
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5.3.2 TPP integration of porous filters into LOC
We use a fused silica commercial CE chip with cross channel geometry (Micronit Microfluidics
X3550.CH). The injection channel is 5 mm long and the separation channel is 40 mm long. The
top sealing layer is a very thin piece of glass with 145 pm thickness, which is ideal for our
application where high NA objectives with short working distance are used for tight focusing.
The bottom layer, which contains the channels, is about 1.2 mm in thickness. The whole chip
has dimensions of 15 mm by 45 mm, making it quite portable and compact. Figure 16 [58] (a)
and (b) shows the schematic of the chip and the cross sectional drawings of the (c) microfluidic
channel and (d) access well. Unlabeled numbers have units of millimeters.
(a) 45+0.3 (b)
50 pm 145+3 pm <2.4mm
20 pm Th120.1PM1.2 mm 1.8 m
Fig. 16 [58] (a) and (b) Drawings of the Micronit X3550. CH. (c) and (d) are cross sectional
drawings of the microfluidic channel and access wells.
For purposes of referencing, the wells at the beginning and end of the separation channel are
labeled 1 and 2, respectively, while the wells at the ends of the injection channel are labeled 3
and 4. The thin sealing layer at the top of the channels is ideal for our fabrication because it
enables focusing with the short working distance objective of 1.4 NA and allows for high
magnification imaging inside the channels. The low transmission of fused silica at UV
wavelengths is also an ideal property for shielding the resist against unwanted exposure while the
sample is being processed.
Integration into a microfluidic device requires understanding of how the resist will be placed
inside the channel, how it will be attached to the walls and what is the ideal pore spacing and
filtering geometry. Porous filters are fabricated by stacking layers of 2D xz scaffolds, alternating
layers with horizontal lines (in x) and just posts (in z) to create spacing in the y direction as well
as in x and z. Alignment to the desired position on the chip is performed by observing the
backreflected spot and manually positioning the starting point of the writing beam. Repeatability
error of the positioning procedure is less than 3 pm between experiments. Figure 17 shows the
scanning pattern for the filter and the reference coordinate system. For the initial filter structure,
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center-to-center spacing between scan lines in x is 4 ptm and between scans in z is 6 jim.
Distance between layers in y is 1 jim and the periodicity is set to be 4 jim in y. Power is 5 mW
and scan speed is 50 pim/s. Pillars are fabricated at 30 jim/s to increase stability. With the
parameters given, the fabrication time is 15 s for a single layer mesh and 75 s for a seven layered
3D mesh. However, it is good practice to take 1-2 minutes to check the alignment between
writing different layers and this results in a maximum total fabrication time of about 15 minutes.
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Fig. 17 The scanning pattern for the 3D porous filter inside a microfluidic channel. Y is the direction along
the channel. X is the direction across the width of the channel, and z is the direction of depth.
The first step is to integrate a 3D porous filter into a straight microfluidic channel. A further step
is integration of a triangular filter at the junction of two crossing channels, which in this case are
the injection and separation channels of the CE chip. For the triangular filter, scanning speed of
the horizontal lines was set at 40 jim/s and writing power was 5.2 mW at the sample. The center-
to-center spacing between scans lines in x is 2.5 jim. The scans lines in z are spaced by 4 jim,
and different layers in y are spaced by less than 1 jim to ensure overlap. The periodicity is 4 jim
in y. The filter was attached to the sides of the channel by writing past the wall where the
triangle is larger than the 50 jim width of the channel. With these parameters, the fabrication
time is less than 12 minutes for the structures shown. However, accounting for an alignment
check every three layers, the actual experimental time is about 72 minutes for a structure of 90
layers.
5.3.3 Results and discussion
To optimize stiffness and make sure there is good porosity, filters with different number of layers
in y are fabricated. Phase contrast microscope images are used as a preliminary verification of
the structures. Figure 18 shows en-face images of 3D porous filters fabricated inside a straight
microfluidic channel. Figure 18 (a) shows a single layer filter with periodicity of 4 jim in x and
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6 pm in z. Figure 18 (b) shows 3D structures with 4 pm porosity in y fabricated by layering
seven xz scans. Dark spots are pillars (in xz plane) while light colored lines are horizontal lines
(yz plane). Rough measurements of feature size in the lateral direction for both the horizontal
lines and the cross section of the pillars shows resolution of 1 pm or less.
(a) (b)
Fig. 18 2D and 3D microfilters integrated into a 50 ptm wide channel. Pillars appear as dark spots
while horizontal lines between them have a light color. Resist is SZ2080. (a) a single scan filter.
(b) a layer of seven structures. (c) and (d) are blow ups.
The filter shows good adhesion to the microfluidic channel walls at the interface between the
glass and resist. Other characterization methods are needed to observe layers in z and more
advanced imaging technology besides simple microscopy is needed to measure the feature sizes
more accurately.
To test the filter's functionality, a sample of test particles is flowed through the channel.
Considering the application to cell separation, we used 3 gm diameter polystyrene microspheres
(Sigma Fluka 79166) immersed in a distilled water solution with concentration of 0.5% by mass.
The test solution is flowed through the channel using pressure from a syringe of around 15 psi,
and flow rate is estimated to be 50 pL/s. Figure 19 shows a series of time-lapsed images from
this test. As the arrow indicates, flow is downward through the filter. The particles are stopped
by the filter while the solution flows though unobstructed. Snapshots are taken in time intervals
of 2 seconds.
Fig. 19 Functional test with aqueous suspension of 3 pm polystyrene microspheres. A series of
time lapsed images are taken over intervals of 2 seconds.
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As can be seen, the test particles are successfully stopped by the filter without jamming into the
pores or distorting it. A few particles bounce backward with respect to the flow, which could
mean the flow is not completely laminar but this is a condition which can be optimized. This
porous filter can filter particles with high efficiency and has good mechanical stability, but better
geometries are needed to apply efficient filtering with no clogging over time.
To improve the stiffness of the filter and provide separation capability which does not result in
clogging of the channel, a triangular shaped filter was fabricated at the junction between the
injection and separation ports of the Micronit CE chip (the following data was achieved by
collaborators as follow-up using the knowledge and results of the author). Figure 20 [59] shows
(a) an SEM image of an identical prototype of the filter fabricated on a flat substrate, (b) a close-
up showing the xy plane and the lateral resolution and (c) a close-up of the xz plane showing the
axial resolution. Figure 20 (d) [59] shows the actual filter integrated at the channel crossing of
the chip. With the parameters specified in 5.3.2, the fabrication time is less than 12 minutes for
the structures shown. More realistically, we check the alignment in the z direction every three
layers and the actual experimental time is about 72 minutes.
Figure 21 [59] shows a functionality test of this filter with 3 ptm polystyrene spheres suspended
in 100 mM of phosphate buffer (video is available in Movie 1 of the supplementary material).
Fig. 20 [59] (a) Tilted SEM image of the prototype 3D filter identical to what is fabricated inside
the chip (b) close-up of the xy plane (c) close-up of the xz plane. (d) microscope image of the
triangular filter at the crossing of the channels. The parameters of the SEM are: probe current =
200 pA. Chamber pressure = 140 Pa.
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Fig. 21 [59] Time lapsed images of functionality tests of the filter with a suspens
polystyrene microspheres in phosphate buffer solution. Flow direction is left to right. At 25
minutes the flow is relatively slow. The filter is clean after reversing the flow.
The concentration of the test spheres is 0.172% by weight, or about 120 beads/nL. As described
earlier, the channels are initially filled with buffer solution, and the test solution is driven
through the channels using hydrostatic pressure.Because of their slightly higher density with
respect to the buffer solution, the spheres tend to settle toward the bottom of the channel. As can
be seen, 100% of the spheres that encounter the filter are blocked and settle near the bottom of
the channel. The filter operates up to 25 min without being clogged or jammed, although flow
rate decreases as a function of time. The stiffness of the structure ensures that no beads become
jammed inside the pores. Because the spheres tend to settle toward the bottom of the solution,
they encounter the filter near the bottom or are stopped by other spheres, and they do not clog the
entire height of the channel. However, due to the nature of the resist, the spheres that do
encounter the filter adhere to the surface and some spheres adhere to the channel walls. Adhesion
to the channel surface or to the filter is expected to be an issue with samples containing tissue or
cells. This needs to be addressed by coating the filter and channel walls or using a different
material. When particles do not adhere to the filter but rather are diverted to the side (injection)
channels, it would be possible to achieve an optimized mode of operation with continuous flow.
As shown in Figure 21, the filter needs to be cleaned after 25 min and the filter is completely
clean and reusable after reversing the flow across it.
To visualize the movement of the liquid (nanoscale) part of the sample as well as the microscale
test spheres, a filtering test is performed using 3 gm spheres suspended in 40 gM Rhodamine 6G
diluted in phosphate buffer. Figure 22 [59] shows time-lapsed fluorescent microscope images of
the filtering test under two different flow splitting conditions.
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Figure 23 is a higher magnification image shown to enhance the visualization of the filtering
action (video is available in Movie2 and Movie3 of the supplementary material). Images are
calibrated with points in time when the Rhodamine solution is (1) first approaching the filter, (2)
just passing through the filter and (3) has filled the channel after the filter.
Fig. 22 [59] Time lapsed
the top row and 86% in the bottom row.
Fig. 23 [59] Blow up of second
direction of flow.
frame.in Fig. 22 to help visualize filtering action. Arrow indicates
Once again, 100% of the polystyrene spheres are stopped by the filter while the liquid portion
(Rhodamine and phosphate solution molecules) pass through it. The flow rates are determined
by the hydrostatic pressure between the wells. The flow rate of the test solution before reaching
the filter is about 50 pL/s in both cases. The filter is observed to be working without clogging or
jamming for up to 20 minutes. The different microfluidic resistivities of the three channel
branches and the hydrostatic pressure differences at the wells tune the splitting ratio of the flow
volumes in each channel. For the top row of images in Figure 22, the percentages of flow
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50 1 mn
volume toward wells 2 ,3 and 4 are, respectively, 31%, 36.5% and 38%. For the bottom row of
images, the percentage of flow volumes are, 86%, 7.3% and 14.5%. As can be seen, although
there are three channels at the crossing, the flow rates can be adjusted such that the majority of
the test solution passes through the filter. Asymmetry in the flow ratio between wells 3 and 4 is
attributed to inhomogeneity of bead distribution and slight asymmetry in the filter geometry.
The times it takes the liquid front to pass through the filter are, for the two cases, 20.6 seconds
and 9.3 seconds. These times are long due to the high microfluidic resistivity of the filter.
Because of the given flow conditions, not all of the sample encounters the filter and this can be
useful in cases where the sample is subject to a specified level of concentration, where filtering
of only a certain percentage of the sample is desired. However, as mentioned earlier, in
continuous flow applications, the filter needs to be coated to prevent particles from adhering to
it.
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5.4 Conclusions and future work
In conclusion, we have presented (1) optimized processing and fabrication procedures for TPP
fabrication of 3D structures in two different polymers on flat substrates, (2) the optimization of
feature size for 2D and 3D TPP fabricated structures for building a porous filter, (3) the
integration of 3D porous filter structures inside a commercial LOC using a novel procedure for
placing resist inside a sealed channel, and (4) the demonstration of the functionality of the
integrated 3D porous filters for separation of nanoscale and microscale particles. We have
presented both time-lapsed images and video demonstrating a layered filter integrated into a
straight channel and a triangular filter fabricated at the junction of two crossing channels which
can filter 3 [tm polystyrene spheres with 100% efficiency. Fluorescent microscope images of the
filtering of 3 pm spheres suspended in 40 pM Rhodamine 6G show the liquid(nanoscale) part of
the sample passing through the filter while the spheres are stopped. Ratio of flow rates into the
different channels are controlled by hydrostatic pressure. The triangular filter operates well up to
a period of 25 min without significant clogging of the channel or jamming of the spheres into the
pores. The filter is completely clean after reversing the flow with an injection of buffer solution
through the separation channel and can easily be reused. For biological applications, the channel
and filter should be coated to avoid any particle adhesion and to enable continuous flow
operation.
The realization of integrated 3D filters is an important step towards the future development of
more complex TPP integrated devices, including different passive and active elements. For
instance, with the advancement of TPP fabrication techniques, there is the promise to integrate
complex devices such as helical and angular ridge microfluidic mixers which are composed of
ridges. Chaotic mixing is induced in a channel by turbulent flow resulting from the viscosity and
interaction of the fluid with the ridges [60, 61]. With the realization of moveable TPP fabricated
devices such as rotating lobed pumps and hinged gates [13,17], it is possible to advance the
technology by demonstrating pumps, valves and microparticle manipulators all integrated
together on a single chip. Furthermore, these different microfluidic elements can be added to
commercially fabricated LOC without altering the existing elements.
The direct write and maskless nature of the TPP technique along with the novel processing
procedures developed in this study makes it a powerful method to integrate 3D devices into LOC
without altering existing elements or changing the microfluidic channel fabrication. The major
fabrication challenges remain as adding of resist into the device, tailoring of the protocol to fit
with on-chip processing, and optical alignment with microfluidic elements. Device
characteristics which can be further studied and improved include mechanical stiffness, surface
quality, material biocompatibility, and minimum feature size. Because of the 3D, embedded
nature of these devices, advanced characterization techniques besides simple microscopy is
needed to understand their 3D features. Confocal microscopy, fluorescent imaging and SEM are
different ways to provide more advanced imaging. In the future, TPP will enable powerful
advancements in environmental sensing and tracking, advanced chemical synthesis and analysis,
as well as point of care biomedical diagnostics using LOC devices with integrated active and
passive elements.
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Supplementary material (available by contacting the author)
Moviel Testing of integrated filter with 3 [tm polystyrene beads suspended in 100 mM
phosphate buffer under bright-field microscope. Video shows initial condition, arrival of beads,
filter operation after 2 minutes, 5 minutes, 25 minutes and after cleaning by reversing the flow.
Movie2 "Slow filtering" condition with 3 pm polystyrene beads suspended in 40 pM phosphate
buffer under fluorescent microscope. Video shows initial condition and continuous filtering with
flow volume ratios into different channels as specified in the text.
Movie3 "Fast filtering" condition with 3 pim polystyrene beads suspended in 40 PM phosphate
buffer under fluorescent microscope. Video shows initial condition and continuous filtering with
flow volume ratios into different channels specified in the text.
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